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Abstract 



This report is devoted to the building of the theory and analyzing the phenomenon which take 
place in such strong correlated Fermi systems as High temperature superconductors, metals 
with heavy fermions and quasi two dimensional Fermi-systems. The described theory of strong 
correlated Fermi systems bases on conceptions of Fermi condensate quantum phase transition 
(FCQPT) and Fermi condensate. It develops the well known Landau paradigm based on quasi 
particles formalism and order parameter. The description of the FCQPT theory is followed 
by its verification on the different exactly solvable models, by numerical calculations and by 
comparing with wide collection of experimental data. 

AHHOTan;Ha. 

3tot flOKjiafl nocBflin,eH nocTpoennio Teopnn h anajmay aBjiennH, KOTopbie hmciot mccto b 
TaKHx CHjibHO KoppejTHpoBaHHbix OcpMH CHCTCMax, KaK BbicoKO TeMuepaTypHbie CBcpxnpo- 

BOflHHKH, MCTajIJIbl C TaiKCJIblMH 4)epMH0HaMH H KBaSHflByXMepHbie OepMH-CHCTeMbl. Onncbi- 

BaeMaa Tcopna chjibho KoppejinpoBauHbix ®epMH chctcm 6a3HpyeTca na KOHLi,enLi,Hax OepMH 
KOH^eHcaTHoro KBauTOBoro c|)a30Boro nepexo^a (OKKOH) h OepMH KOH^eHcaTa. Ona pa3- 
BHBacT xopomo H3BecTHyio napa^HrMy Jlauflay, ocHOBaHHyio na 4)opMajiH3Me KBasHnacTHu; h 
napaMCTpe nopa,T,Ka. OnHcanne Teopnn OKKOH conpoBO>KflaeTca ee BepH4)HKan,HeH na pas- 
jiH^Hbix TOMHO peiiiaeMbix MO/iejiax, c noMombio HHCJiennbix pac^CTOB h nyieivi cpaBHenna c 
mnpoKHM naSopoM SKcnepHMeiixajibKbix ^anHbix. 



2 



1. BBe^eHHe 



Teopna (J)epMH-jKH;i;KOCTH JlaH^ay (0>KJ1) HivieeT ^aBHioio HCTopnio h SjiecTamne peayjibTa- 

Tbl B OnHCaHHH MH0r006pa3HbIX CBOHCTB SJieKTpOHHOii >KH^KOCTH 06bI^HbIX MeTajIJIOB H 4)epMH- 

jKH^KOCTeii THna ^He. 3Ta TeopHa nocTpoena b npe^nojioJKGHHH, hto (J)H3HKy npn hhskhx tgm- 
nepaTypax onpe^ejiaiOT sjieMeHTapHbie BoaGyjK^eHHfl, KOTopbie Be^yT ce5a KaK KBa3HHacTHn,bi, 
xapaKTepHayiomHeca 34)4)eKTHBHOH Maccofl h Haxo^amneca no ocHOBHbiM cbohm CBoiicTBaM 
B o;i;hom KJiacce c KBa3HHacTHii;aMH cjia6o BsaHMOfleiicTByioinero (J)epMH-ra3a. HosTOMy 3(J)- 
(J)eKTHBHafl Macca M* ne saBHCHT ot TeMnepaTypbi, ^aBjienHH, MarHHTHoro nojia h HBjiaeTca 
napaMCTpoM TeopHH. 

OTKpblTblii OTHOCHTejIbHO HG^aBHO HOBblH KJiaCC CHJIbHO KOppejIHpOBaHHblX (J)epMH-CHCTeM, 

TaKHx KaK MeTajiJibi c TajKejibiMH (J)epMHOHaMH (TO), BbicoKOTeivinepaTypHbie CBepxnpoBo;i;HH- 
KH (BTCn) H KBasH-flByMepHbie 4)epMH->KHflK0CTH, oSnapyiKHBaeT orpoMHoe pasHOoSpaane 

4)H3HHeCKHX CBOHCTB [H El 13 SI [5] . CBOHCTBa 3THX MaTCpHajIOB npHHIi;HnHajIbHO OTJIHHaiOTCa 
OT CBOHCTB 06bI^HbIX (J)epMH-CHCTeM. HaHpHMCp, B CJiyHaC MCTajIJIOB C Ta>KejIbIMH (J)epMHO- 

HaMH CHjibHaa Koppejifln,Ha bjicrtpohob hphbo^ht k HepenopMnpoBKe 3(J)(J)eKTHBH0H Maccbi 
KBasHHacTHii;, KOTopaa mojkct npcBbiCHTb rojiyio Maccy na necKOJibKO nopa^KOB hjih ;i;a>Ke 
CTaTb HeorpaHHHeHHO Sojibinofl. Hpn stom 3(J)(J)eKTHBHaa Macca fleMOHCTpnpyeT CHJibnyio aa- 
BHCHMOCTb OT TCMnepaTypbi, flaBJienna hjih npHJiOiKCHHoro MarHHTHoro nojia. TaKHC MCTajiJibi 
HMCiOT anoMajibHoe noBeflCHHe h neoSbi^Hbie CTenennbie aaKOHbi TeMnepaTypHOH aaBHCHMO- 

CTH CBOHX TepMOflHHaMHHeCKHX CBOHCTB HpH HH3KHX TCMHCpaTypaX, a HX HOBe^^CHHe HpHHaTO 

onpe^ejiaTb KaK HOBe^CHHe anoMajibHOH (|)epMH->KHflKOCTH Jlan^ay. 

HecHOCoSnocTb Teopnn (J)epMH-jKH;i;KOCTH JlaH;i;ay oStacHHTb SKcnepHMCHTajibHbie naSjiK)- 
flCHHa, CBaaaHHbie c saBHCHMOCTbK) M* ot TCMHepaTypbi T, MarHHTHoro HOJia B, flaBJienna h 
T.fl., npHBCJio K 3aKjiK)HeHHK), HTO KBa3H^acTHn,bi He BbiJKHBaroT B CHJIbHO KoppejinpoBaHHbix 
(J)epMH-CHCTeMax, h TajKCJibiii sjiCKTpoH He coxpanacT cboch n,ej[OCTHOCTH KaK B035y>KfleHHe- 
KBa3HHacTH^a [S El El [i [ini [IT]. 

1.1. KBaHTOBbie cJ)a30Bbie nepexo;],bi h anoMajibHoe noBe^e- 

HHe KOppeJIHpOBaHHblX (J)epMH-CHCTeM 

ripe^^HOJiaraeTca, hto neoSbiHHbie CBOHCTBa h anoMajibHoe HOBeflCHHe, Ha6j[io;i;aeMbie b 
BTCn H MCTajiJiax c TO, onpeflCJiaiOTca pa3HOo5pa3HbiMH MarnnTHbiMH KBanTOBbiMH 4)a30- 
BbiMH Hcpexo^aMH [3] . HocKOJibKy KBaHTOBbiii (J)a30BbiH Hcpexofl npoHCxo^HT HpH TCMHcpaType 

T = 0, TO KOHTpOJIHpyiOmHMH HapaMCTpaMH aBJiaiOTCa TaKHC KaK COCTaB, HJIOTHOCTb HHCJia 
SJieKTpOHOB (hjih flbipOK) X, flaBJICHHe, HaHpaiKCHHOCTb MarHHTHoro HOJia B H T.fl. KbaHTOBblH 
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(|)a30BbiH nepexofl HivieeT mgcto b KBaHTOBofi KpHTHHecKofi tohkc, KOTopaa OT^ejiaeT ynopaflo- 
HeHHyio (|)a3y, aBJiaioinyioca peayjibTaTOM KBaHTOBoro (J)a30Boro nepexo;i;a, ot Heynopa^^oneH- 
Hoii (|)a3bi. OSbiHHO npe^nojiaraeTca, hto MarHHTHbie (nanpHMep, 4)eppoMarHHTHbie h aHTH- 
(|)eppoMarHHTHbie) KBanTOBbie 4)a30Bbie nepexo^Bi OTBeTCTBenHbi sa anoMajiBHoe noBe^enHe. 
KpHTH^ecKyio TOHKy TaKoro (J)a30Boro nepexo^a CMemaiOT b aScojiiOTHbiH nyjib TeivinepaTyp 
npH noMomH yKasaHHbix Bbime napaivieTpoB. 

MojKHO 0JKH;i;aTb, HTO yHHBepcajibHoe noBe;i;eHHe Ha6jiio;i;aeTca tojibko b tom cjiynae, ko- 
rfla paccMaTpHBaeMaa cncTeivia naxoflHTca oneHb 6jih3ko k KBanTOBoii KpHTHHecKoii tohkc, 
nanpHMep, Kor^a ^Jinna Koppejian,HH naMHoro SojiBine, neM MHKpocKonHnecKHii MacniTaS ^jih- 
Hbi, H KpHTHnecKHe KBaHTOBbie H TenjiOBbie 4)JiyKTyan,HH onpe^ejiaiOT aHOMajiBHbiii BKjiafl b 
TepMOflHHaMHnecKHe 4)yHKn,HH MCTajiJia. KBanTOBbie (|)a30Bbie nepexoflbi TaKoro BJ^^,a BecbMa 
pacnpocTpaneHbi [2], [3l [4], nosTOMy mm Sy^eM nasbiBaTb hx oSbiHHbiMH KBanTOBbiMH 4)a30- 
BbiMH nepexo;i;aMH. B 3tom cjiynae, 4)H3HKy abJieHna onpe;i;ejiaiOT TenjiOBbie h KBanTOBbie 
(J)jiyKTyan,nn KpninnecKoro cocToanna, a KBa3nnacTnnnbie B036y5KflenHa paspymenbi bthmh 
(J)jiyKTyan,naMn. CnnTaeTca, hto OTcyTCTnne KBa3nnacTnnnbix B036y>K^ennH anjiaeTca ocnon- 
noH npnnnnoH anoMajibnoro noBe^enna MCTajiJiOB c TaacejibiMn 4)epMHonaMn n BbicoKOTeMne- 
paTypnbix CBepxnpoBOflnnKOB [2l[3l[4]. OflnaKO, na stom nyin ecTb TpyflnocTH. KpnTHnecKoe 
noBe;i;enHe, na6jiio;i;aeMoe b SKcnepnMenTax c MeiajiJiaMH c TO, hmcgt mgcto ;i;o flOBOJibno 
BbicoKHx TGMnepaTyp, conocTannMbix c 3(|)(|)eKTHBnoH TeMnepaTypon OepMH T^. HanpnMep, 
K034)4)Hn,HenT Tenjionoro pacmnpenna o;(T), KOTopbin b cjiynae nopMajibnon (jDepMH-acn^KOCTn 
Jlan^ay ce{T) oc T, npn nsMepennax na CeNi2Ge2, fleMoncTpnpyeT 3aBncHM0CTb a/T npn ns- 
Menennn TeMnepaiypbi na flna nopa;i;Ka, npn ee cnnjKenne ot 6 K no Kpannen Mepe 50 
mK [12]. Bpafl Jin MOJKno oSisacnHTb TaKoe none^^enne na ocnone (J)JiyKTyan;HonnoH Teopnn 
KpHTHHecKOH TOHKH. OneBH^^no, HTO TaKaa CHTyan;Ha mojkgt hmctb mgcto TOJibKO npn T — 0, 
Kor^a KpnTnnecKne (J)JiyKTyan,nH nnocaT ^OMnnnpyiomnii BKjia^ b snTponnio, n Kor^a ^jih- 
na Koppejian,HH naMnoro 6ojibme neM MHKpocKonnaecKHH MacniTaG ^jinnbi. Hpn neKOTopoii 
TGMnepaType T <C 3Ta MaKpocKonnaecKn Sojibmaa ;i;jiHna Koppejian;HH flOJiJKna SbiTb pas- 
pymena o6bianbiMn TenjiOBbiMH 4)JiyKTyan;HaMH n cooTBeTCTByioni;ee ynnnepcajibnoe nonefle- 
nne Hcne3nyTb. Cjie;i;yioni;aa Tpy^nocTb CBa3ana c oGtacnenneM BOCCTanoBJienna noBe;i;enna 
O^KJl nofl BOSfleiicTBHeM MarnnTnoro nojia 5, naSjiiOflaeMoro b MeiajiJiax c TO n BTCH 
[T3l [U [H]. B cjiyaae (1>>KJ1 npn T — 0, sjieKTpnnecKoe conpoinnjienne p(T) = po + AT"^, 
TenjioeMKOCTb C(T) = 7T n Marnninaa BOcnpnnManBOCTb x = const. 0Ka3biBaeTca, hto 3a- 
bhchmocth ot MarnnTnoro nojia K03(|)(|)nn;nenTa A{B), K034)4)nn;nenTa 3oMMep4)ejib;i;a 7(5) 
n BOcnpnnManBOCTn x{B) TaKOBbi, hto A{B) oc 7^(-B) n A{B) oc n3 nero cjie;i;yeT, 

^TO cooTnomenne Ka^OBaKn-By^ca (KB), K = A[B) / '-/'^ (B) |15] aBjiaeica i?-ne3aBHCHMbiM n 
coxpanaeTca |13| . TaKoe ynnnepcajibnoe noBe^enne, nnojine ecTecTnennoe npn onpe^ejiaionten 
pojin KBa3H^acTHn„ e^na jih B03MO>Kno o6T.acnHTb b paMKax no^xo^a, npe^nojiaraiontero ot- 
cyTCTBne KBa3HHacTHn;, KOTopoe nMeeT mgcto npn o6bianbix KnanTOBbix 4)a30Bbix nepexo^ax b 
OKpecTnocTn KBanTOBOii KpnTnaecKon TonKn. HanpnMep, cooTnonienne KB ne cooTBCTCTByeT 
cn;enapnio nojin cnnnonon njiOTnocTn |13| n pesyjibTaTaM nccjie;i;oBannH KBanTOBOii KpnTnnno- 
CTH c noMombK) penopM-rpynnoBoro no^xo^a |16) . SaieM, H3MepenHa nepenoca sapa^a n Tenjia 
noKa3ajiH, hto saKon Bn^^eMana - <l'pann,a (BO) BbinojinaeTca b pa^e cjiy^aeB BTCH [HJ [I7] 
n MeTajiJiOB c TO [T8l I19|. HosTOMy mm mojkgm 3aKJiionnTb, hto KBa3nnacTnn;bi cymecTByiOT 
B 3Tnx MCTajiJiax, o neM cnn^eTejibCTByiOT n pe3yjibTaTbi (|)OT03MnccnonnoH cneKTpocKonnn 
[201 EH- 
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HeB03M0JKH0CTb oSisacHaTb noBe;i;eHHe MeTajiJiOB c TajKejibiMH (|)epMHOHaMH b paiviKax tgo- 
pnii, ocHOBaHHbix na oSbiHHbix KBaHTOBbix (J)a30Bbix nepexo^ax, Be^eT k saKJiiOHeHHio, hto 
flpyroe BajKHoe nonaTne, BBeflGHHoe JlaH^ay, — nonaTne napaMCTpa nopa^iKa — TaKJKe ne pa- 
6oTaeT (cm., HanpHMep, P, [U [IHl [H])- TaKHM o6pa30M, mm ocTaeMca 6e3 nanGojiee (Jjyn^aMeH- 

TajIbHblX npHHn,HnOB KBaHTOBOH (J)H3HKH MHOPHX TGJI, a niHpOKHH Kpyr HHTepeCHblX aBJieHHH, 

CBa3aHHbix c aHOMajiBHbiM noBe^eHHeM chjibho KoppejiHpoBaHHbix 4)epMH-CHCTeM, ocTaeTca 
6e3 oST^acHenHH. 

1.2. Pa^ BBo;];Hbix saMeHaHHH h orpaHHHeHHH 

B ;i;aHHOM flOKJiafle 6y;i;eT noKa3aHO, mto TaKne pa3Hopo;i;Hbie CHCTeMbi, KaK BTCH, Meiaji- 
jibi c TO H KBasH-flByMepHbie CHJibHO KoppejinpoBannbie 4)epMH->KHflK0CTH, o6jia;i;aiOT o6iii;hm 
yHHBepcajibHbiM noBeflenHeM, KOTopoe mojkho onncaTb b paMKax e;i;HHoro no;i;xo;i;a, ocHOBan- 
Horo Ha TeopHH (|)epMHOHHOH KOHfleHcan,HH |23l I24| . C ^pyroii CTopoHbi, cocpe;],OTOHHBmHCb 
Ha yHHBepcajiBHOM HOBeflennH h pacnojiaraa orpanHHennbiM oS^beMOM ^OKjia^a, mm hg hmg- 

GM B03M0JKH0CTH paCCMaTpHBaTb Cneii;H(|)HKy OT;i;ejIbHbIX CHJibHO KOppejIHpOBaHHblX CHCTCM. 

HanpHMep, mm ocTaBJiacM b CTopone (|)H3HKy TaKHx (|)epMH-CHCTeM KaK HeHTpoHHbie 3Be3;i;bi, 
aTOMHbie KJiacTcpbi h a^pa, KBapKOBaa HJia3Ma h yjibTpaxojioflHbie ra3bi b jiOByniKax, b koto- 
pbix B03M0JKH0 cymecTBOBaHHC 4)epMHOHHoro KOH^teHcaTa ((PK) [28l [2H [30l [in [32] . Hocjiej^nne 
HHTcpecHM TCM, HTO Sjiaro^apa hx jierKOH nacTpoHKe, mo>kho ocyin,ecTBHTb napaMCTpM, neoS- 
xoflHMbie fljia HaGjHO^eHHH KBanTOBoii kphthhcckoh tohkh h OK. 

3KcnepHMeHTajibHbie HCCJie;i;oBaHHa cbohctb KBaHTOBbix 4)a30Bbix nepexoflOB h hx kphth- 
HCCKHX TOHCK aBJiaiOTca npHHii;HnHajibHO BajKHbiMH fljia noHHManHa 4)H3HHecKOH npHpoflbi 
BMCOKOTeMnepaTypnoH CBepxnpoBO^HMOCTH h MCTajiJiOB c TO. 3KcnepHMeHTajibHbie ^anHbie, 

OTHOCamneCa K pa3JIH^HMM CHJIbHO KOppejIHpOBaHHbIM (|)epMH CHCTCMaM, aBJiaiOTCa BSaHMO- 

flonojinaiomHMH. B cjiy^ae BbicoKOTeMnepaTypnoH CBepxnpoBO^HMOCTH TaKne aKcnepHMCHTbi 
npaKTHHCCKH OTcyTCTByiOT, nocKOJibKy npn hh3khx TCMnepaTypax cooTBCTCTByioiuHe kphthhc- 

CKHC TOHKH HaXO;i;aTCa B oSjiaCTH CBepxnpOBO^IHMOCTH, H (|)H3HHeCKHe CBOHCTBa COOTBCTCTByiO- 

mero KBaHTOBoro 4)a30Boro nepexo^a H3MeHeHbi CBepxnpoBO^HMOCTbio. O^naKO ^Jia MCTajiJiOB 

C TaJKCJIMMH 4)epMH0HaMH 3TH HCCJICflOBaHHa BnOJIHC B03M0>KHbI. He^aEHHC SKCnepHMCHTajIb- 

Hbie ^aHHbie, OTHOcamHeca k noBC^eHHio MCTajiJiOB c TO, npojiHsaiOT cbct na npHpo^y Kpn- 
THHecKHx TOHCK H (J)a30Bbix nepexo;i;oB (cm., nanpHMcp, [HI [HJ [171 [H [13 EHl [2T]). HoaTOMy 
cymecTBCHHO BajKHMM aBJiacTca oflHOBpeMCHHoe H3yHeHHe BbicoKOTeMnepaTypnoH CBcpxnpo- 
bo;i;hmocth h anoMajibHoro noBeflCHHa MCTajiJiOB c TO. 

HtoSm H35e>KaTb cjiokhoctch, CBasannbix c aHH30TponHeH, nopoK^aeMofi KpncTajiJiH^e- 
CKOH pemeTKoii TsepflMx tcji, ee cnen,H(J)HKOH, HeperyjiapnocTaMH h T.n., mm Hcnojib3yeM mo- 

flCJIb OflHOpO^HOH TaJKCJIOH SJieKTpOHHOH ((|)epMHOHHOH) JKHflKOCTH flJia H3yHeHHa yHHBep- 

cajibHoro noBeflCHHa sjieKTpoHHbix (flbipoHHbix) chctcm BTCH, MCTajiJiOB c TO h KBa3H- 
;];ByMepHbix (|)epMH-CHCTeM npn hh3khx TCMnepaTypax. TaKaa MO^ejib Bnojine pa5oTOcnoco5Ha, 
TaK KaK MM paccMaTpHBacM yHHBepcajibHoe noBe^CHHe, ^CMOHCTpHpyeMoe bthmh MaTepnajia- 

MH npH HH3KHX TCMnCpaTypaX, KOTOpOe CBa3aH0 CO CTeneHHMMH paCXO^HMOCTaMH TaKHX BCJIH- 

^HH KaK 3(J)(J)eKTHBHaa Macca, TcnjiocMKOCTb, TcnjiOBoe pacniHpeHHe h t.^. 3th pacxo^HMOCTH, 
HJiH xapaKTepHsyioinne hx KpHTHHCCKne HHfleKCbi, onpe^ejiaiOTca Majiofl BejiHHHHOH nepe;i;a- 
BacMMX HMnyjibCOB no cpaBHCHHio c HMnyjibcaMH nopa;i;Ka BejiHHHHbi oSpaTHOfi nocToaHHOfl 
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pemeTKH, nosTOMy BKJiaflbi bthx HMnyjibCOB ne onpeflejiaiOT flHHaMHKy CHCTeivibi, CBaaaHnyio 
c MajibiMH HMnyjibcaMH, h MoryT SbiTb onymeHbi, KaK sto flejiaeTca, nanpniviep, npn nocTpo- 

eHHH (|)JiyKTyaii;HOHHOH TeOpHH KpHTHneCKHX HHfleKCOB |22| . TaKHM »Ce 05pa30M, mm MOJKeM 
HrHOpHpOBaTb CJIO>KHOCTH H CneitHcJjHKy, CBaaaHHbie C KOHKpeTHbIM BTCn HJIH MeTajIJIOM c 

TO. 

yHHBepcajiBHbie CBoiicTBa chjibho KoppejiHpoBanHbix (J)epMH-CHCTeM mm Sy^eM anajiHSH- 
poBaTb B paMKax TeopHH 4)epMH0HH0H KOHfleHcaii;HH [23l [24l [33]. nocKOJibKy caMO noBe;i;eHHe 
MCTajiJiOB c TO npe;i;jiaraeT accoii;HHpoBaTb hx Heo6biHHbie CBoficTBa c KBanTOBbiM 4)a30BbiM 
nepexoflOM, CBHsanHbiM c neorpaHHMeHHMM pocTOM sc^Dc^DeKTHBHoii MaccM b ero KpHTH^ecKOH 
TOHKe. HanpHMep, pacxo^HMOCTb 34)4)eKTHBHOH MaccM HaSjiioflajiacb b HHflyn,HpoBaHHOH Mar- 

HHTHMM nOJIGM KBaHTOBOH KpHTH^GCKOH TO^KG |13l 1341 [TSl I19| . TaKHM KBaHTOBMM 4)a30BMM 

nepexoflOM aBJiaeTca (|)epMH-KOHfleHcaTHbiH KBaHTOBbifi (|)a30BbiH nepexo^i; (OKKOH), Be^y- 
mHH K o6pa30BaHHio (PK. OcHOBHOH ocoSeHHOCTbK) OKKOH aBJiaeTca pacxo;i;HMOCTb 3(J)(|)eK- 
THBHOH MaccM M* B Gro KBaHTOBOH KpHTHHecKOH TOHKG |23 l 124 1 [33]. Mbi Gy^GM Hpe^HOJiaraTB, 
HTO Ta>Kejiaa sjieKTpoHHaa >KH^KOCTb naxo^HTca b6jih3h OKKOH hjih y>Ke 3a kphthhcckoh 
TOHKOH SToro (|)a30Boro nepexo^a. 
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2. OepMH-:>KH^KOCTb C 4)epMHOHHbIM 
KOH^eHCaTOM 



OflHOH H3 CaMblX CJIO>KHbIX npoSjIGM COBpeMGHHOH 4)H3HKH KOH^eHCHpOBaHHOrO COCTOflHHa 

aBJiaeTca Bonpoc o CTpyKType h CBoiicTBax 4)epMH-CHCTeM c Gojibiuhmh KOHCTaHTaiviH MejKHa- 
CTHHHoro B3aHMo;i;eHCTBHa. BnepBbie cnocoS pemeHna TaKHx npo6jieM 6biJi npe;i;jiojKeH JlaH^ay 

B TeOpHH 4)epMH->KHflK0CTH, n03JKe Ha3BaHH0H "nOpMajIbHOH HOCpeflCTBOM BBeflGHHa noHaTHa 

KBa3HHacTHn, h aMnjiHTy^, KOTopbie xapaKTepnsyiOT 3(|)(|)eKTHBHoe BsaHMOflencTBHe uex^y 
HHMH |35l I22|. TeopHa Jlan^ay MoaceT paccMaTpHBaTbca KaK 3(|)(|)eKTHBHaa Teopna npH hh3- 
KHx SHeprnax, b KOTopofi BbicoKOSHepreTHHHbie CTenenn CBo5o;i;bi y;i;ajieHbi nyTeivi BBe^eHHa 
aMnjiHTyfl, onpe;i;ejiaioiii;HX BsaHMO^eiicTBHa MejK^iy KBa3HHacTHii;aMH npn hhskhx TeMnepaiy- 
pax BMecTO CHJibHoro MejKHacTHHHoro BsaHMOfleficTBHa. CTaSnjibHOCTb ocnoBHoro cocToaHna 
(J)epMH->KHflKOCTH JlaH^ay onpe^ejiaeTca ycjiOBHaMH CTaSnjibHOCTH HoMepaHHyKa: CTaGnjib- 
HOCTb HapymaeTca, Kor^a xoTa 6bi o^na h3 aMnjiHTyfl Jlan^ay CTanoBHTca OTpHn,aTejibHOH h 
flocTHraeT KpHTH^ecKoro SHaMenna [22l [36] . OTivieTHM, hto noBaa 4)a3a, b KOTopoii ycjiOBna 
CTaSnjibHOCTH BOCCTaHaBJiHBaiOTca, MOJKeT b npHHunne SbiTb CHOBa onncana b paiviKax toh me 
caMoii TeopHH JlaH^ay. 



2.1. TeopHa Jlan^ay cJ)epMH-:acH;i,KOCTH 

HanneM c KpaTKoro HanoMHHaHna ochobhmx nojiojKenHH TeopHH (|)epMH-jKH;i;KOCTH Jlan- 
flay [35l [22]. Teopna (J)epMH-JKH;i;KOCTH Jlan^ay onnpaeTca na nonaTne KBa3HHacTHii;, koto- 
pbie npe^CTaBjiaiOT sjieMenTapnbie cjia5o BOsSyjK^eHHbie cocToanHa 4)epMH->KHflK0CTH. Ho- 
STOMy OHH aBjiaiOTca cnen,H4)HHecKHMH B035y>KfleHHaMH, (|)opMHpyiomHMH HH3K0TeMnepaTyp- 
Hbie TepMOflHHaMHHecKHe h TpancnopTHbie CBoficTBa (|)epMH-jKH;i;KOCTH. B cjiynae sjieKTpoHHOH 

JKHflKOCTH KBa3HHaCTHIi;bI XapaKTCpHSyiOTCa KBaHTOBblMH HHCJiaMH SJieKTpOHa H 3(|)(|)eKTHBH0H 

MaccoH M*. Sneprna ocHOBHoro cocToaHna paccMaTpHBaeiviOH CHCTeivibi aBJiaeTca 4)yHKii;H0- 
HajiOM HHceji 3anojiHeHHa KBa3H^acTHn, (hjih (J)yHKn,HH pacnpe^ejienHa KBa3HHacTHn,) n(p, T), 
TOHHO TaK >Ke, KaK H CBoSo^naa Bneprna F[n{p, T)], BHTponna S[n{p, T)] h ^pyrne TepMO^nna- 
MHHecKHe (J)yHKn,HH. H3 ycjiOBHa, hto 6ojibmoH TepMO^HHaMH^ecKHH noTeHn,Haji f2[n(p, T)] = 
F[n{p,T)] — fiN[n{p,T)], r^e F[?T,(p, T)] = E[n{p,T)] — TS[n{p,T)] — CBo6oflHaa Bneprna, 
flOJiJKeH SbiTb MHHHMajien, mojkho HaflTH (|)yHKii;Hio pacnpe;i;ejieHHa n(p,T): 

S{F - fiN) l-n{p,T) 

= £p,r -^r -Tin — = 0. 1 

6n{p,T) n{p,T) 
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Sflecb /i — xHMHHecKHH noTeHii;Haji, a 

6n{p,T) 

ecTb SHeprHa KBa3H^acTHn,bi. 3Ta sneprHa flBjiaeTCfl (J)yHKn,HOHajiOM n(p,T) tohho Tax >Ke, 
KaK SHepraa £'[n(p,T)]. HsMeneHHe sneprHH KBa3HHacTHn,bi npH MajiOH BapHan,HH (J)yHKn,HH 
pacnpe;i;ejieHHa Sn{p, T) ;i;oji>kho HMeTb bh^i;: 

Se[n{p,T)] = J /(p,p')5n(p',r)^. (3) 

3flecb /(p, p') 4)yHKn,HH hjih aMnjiHTy^a BsaHMO^eiicTBHa KBasH^acTHu, (b 4)epMH-ra3e /(p, p') = 
0). Do CBoeMy onpeflejienHio STa 4)yHKn,Ha npe^CTaBjiaeT coSoii BTopyio BapHan,HOHHyio npo- 
H3BOflHyio OT nojiHOH SHeprHH CHCTeMbi E[n{p,T)]: 

6'E[n{p,T)] 
6n{p,T)6n{p',T) 

H nosTOMy CHMMeTpHHHa no nepeMennbiM (p, p') h cooTBeTCTByiomHM hm napaM cnHHOBbix 
HH^eKCOB (mm Sy^eM no B03MO>KnocTH onycKaTb cnnnoBbie nnfleKCbi ^jih yjiynmenna Bocnpn- 
sTHfl (|)opMyji, xoTH fljifl o^nopo^nbix cncTCM n Majibix Marnninbix nojieii Bjinanne cnnnoBoii 
CTpyKTypbi na Bbi^ncjiaeivibie BejiHHHHbi — neanaHHTejibHo). C yneTOM BaaHMOflencTBHa snep- 
rna KBasHHacTHu; b6jih3h noBepxHOCTH (i)epMH-c(i)epbi ;i;aeTca cyMMoii: 



e[n{p, T)]=eF + VF{p-pF) + j /(p, p')5n(p', T) 



dp' 
(2^' 



(5) 



B nacTHOCTH, jiflu TepMo;i;HHaMHHecKH paBHOBecHbix pacnpeflejieHHH BTopon hjigh b (J)opMyjie 
([5]) onpe;i;eji5ieT saBHCHMOCTb aneprHH KBa3HHacTHn;bi ot TeivinepaTypbi. OTKJiOHeHne 5n(p',T) 
saMCTno OTjinnno ot nyjia TOJibKO b ysKOM cjioe ananennii p' b5jih3h nonepxnocTn 4)epMH- 
c4)epbi, H B TaKOM >Ke cjioe naxofliiTca HMnyjibCbi peajibnbix KBaannacTnn,. HosTOMy 4)ynKn,Hio 
/(PjPO = b 4)opMyjiax ([3]), ([5]) (|)aKTnnecKn MOJKno saivienHTb ee ananenneivi na caMon btoh 
noBepxHOCTH, T.e. nojiojKHTb p = p' = Pf, TaK hto /(p,p') = 6y;i;eT saBHceTb TOJibKO ot 
HanpaBJieHHH bgktopob p, p'. 

BnTponna S'[n(p, T)] aaflaeTca nsBecTHbiM BbipajKenneM [35l [22] 

S[n{p,T)] = -2 J[n{p,T)Hn{p,T)) + {l~n{p,T)) 

X ln(l-n(p,T))]^, (6) 

KOTopoe cjie;i;yeT h3 hhcto KOM5HHaTopHoro paccMOTpenHa. ypaBHennio ([T]) oSmhho npn^aiOT 
CTan^apTnbiH nn^ pacnpe^ejienna (PepMn-T^npaKa 



n{p, T) = M + exp 



(e(p,T)-/i)^^-^ 



(7) 
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Hpn T — > 0, H3 ypaBHeHHH ([T|) h ([7]) nojiynaiOT CTaH^apTHoe pemenHe n{p, T — 0) — > 0{pF—p), 
3flecb 9{pf — p) aBJiaeTca CTyneHHaTofi (J)yHKii;HeH, e{j) ~ pp) — = Pf{j> — Pf)/MI, rji^e Ml 
— 3(J)(J)eKTHBHaa Macca KBa3HHacTHii;bi Jlan^ay [35l [22] 



1 &(p,r = o) , 



M2 p dp 
a vp — CKopocTb KBasHHacTHii; na noBepxHOCTH OepMH: 

VF = U.. (9) 

IloflpaayMeBaeTca, wro Ml HBjiiieTCfl nojiOKHTejibHoii h Kone^HOH na noBepxHOCTH OepMH. B 
peayjibTaTe T-aaBHcamne nonpaBKH k M£, k SHeprnn KBasHHacTHii; e(p) h k ^pyrHM BejiHHHHaM 
Ha^HHaiOTca c HJiena nponopii;HOHajibHoro T^. 

B ocHOBe BbiBO^a cooTHomenHH, CBasbiBaiomero 3(J)(J)eKTHBHyio Maccy KBasHHacTHu, c Mac- 
COH (|)epMHOHOB CHCTeMbi, jiGJKHT npHHn,Hn OTHOCHTejibHOCTH FajTHjiea. <l>yHKn,Ha BSaHMO^eH- 
CTBHa KBasHaacTHu, y^OBjiGTBopaeT HHTerpajibHOMy cooTHomeHHio, cjie^yiomeMy h3 SToro npan- 
ii;Hna. A hmghho, npaivibiM cjie;i;cTBHeM SToro npHHii;Hna aBJiaeTca coBnaflenHe HMnyjibca Qjm- 

HHn,bI oS^beMa KBaSH^aCTHU, (J)epMH->KH^KOCTH j pn(p) C njIOTHOCTbK) nOTOKa MaCCbl 

peajibHbix ^acTHu, j Mn{p) ^^^^^ {2w)''^ ' "^^^^ o6pa30M, nojiy^HM cjie^yiomee paBencTBo: 



/ 



p„,p)^./mMp)^^. (10, 



riocjie BapbapoBanaa oSeax aacTea paBeacTBa pOI) a Bsaiaa ao aacTaM BToporo aaTerpajia b 
apaBoa aacTa peayjibTapyiontero Bbipa>Keaaa aojiyaaM: 

BBHfly apoB3BOJibHOCTB 6n{p) aojiyaaeM acKOMoe cooTHomenae: 

"-'''"'-/■/(P-pO^T^. (12) 



M dp J ■'^^^^^ Qpf (27r) 



B OKpecTHOCTa (J)epMa-aoBepxHOCTa mojkho BOcaojibsoBaTbca BbipajKenaeivi (l8|) a aocjie necjiojK- 
abix apeoSpaaoBaaaa aojiyaaTb xopomo aaaecTaoe ypaaaeaae Jlaa^ay fljia 3(J)(J)eKTaBaoa Mac- 
Cbi: 

1 _ 1 /(PFP')^. n^n(p^T) dp' 

Hcaojibsya ypaaaeaae p3l) apa T = a yaaTbiaaa, aTO n(p, T = 0) CTaaoaaTca CTyaeaaaioa 
(J)yHKa;aea ^(pf — p), mm aojiyaaeivi asBecTHbiii peayjibTaT [37] 

M£ 1 



M l-iVo/i(pF,PF)/3- 



9 



3flecb A'o — njiOTHOCTb cocto5ihhh CBo6o;i;Horo (J)epMH-ra3a h f^{pF,PF) — p-BOJiHOBaa komho- 
HBHTa aMnjiHTyflbi B3aHMo;i;eHCTBH5i JlaH^iay. HocKOJibKy b TeopHH 4)epMH->KHflK0CTH JlaHflay 
X = Pp/Stt'^, aMnjiHTy;i;a Jlan^ay MOJKeT SbiTb aanHcana KaK f^{pF,PF) = f^{x). npe;i;nojio- 

JKHM, ^TO B HeKOTOpOH KpHTHHeCKOH TOHKC XfC SHaMGHaTejIb (1 — Nof^{pF,PF)/'i) CTpGMHTCa 

K HyjiK), TO ecTb, (1 — A^'o/^(a;)/3) oc {x — xpc) + ~ ^fc)"^ + ■■■ ^ 0. B peayjibTaTe nojiynaeM, 
^To M£ (x) Be^eT ce6a KaK [39l [38] 

— + oc -. 14 

M X — Xpc ^ 

S^ecb A VI B — KOHCTaHTbi, a r = (x — xfc) I^fc — "paccTOflHHe"oT KBanTOBofi KpHTH^ecKOH 
TOHKH XpC', B KOTopoH M^i^x — ^ Xfc) ~^ oo. HaSjiiOflaeMoe noBe^enHe naxoflHTca b xopomeM 
corjiacHH c peayjibTaTaMH SKcnepHMeHTOB |40l I41| h Bbi^HCJienHHMH |42l 1431 144) . B cjiynae 
sjieKTpoHHbix CHCTCM ypaBHeHHe (|T4ll cnpaBe^jiHBO npn x > xpc, Korfla r > [241 145| . TaKoe 
noBe;i;eHHe 3(J)(J)eKTHBH0H Maccbi MOJKeT Ha5jiio;i;aTbca b MeiajiJiax c TO c ^ocTaTOHHO njiocKofi 
H ysKOH 30H0H npoBO^HMOCTH, cooTBeTCTByioin,eH 6ojibmoH 3(J)(J)eKTHBH0H Macce M£(a; ~ Xfc)} 
c CHjibHOH sjieKTpoHHoii Koppejian,HeH h 34)4)eKTHBHOH TeMnepaTypoH OepMH Tj. ^p^p/M^ix) 
nopa^Ka necKOJiBKHx ^ecaTKOB rpa^ycoB KejibBHna hjih eme hh^kg (cm., HanpHMep, [1]). 



2.2. OepMH-KOH^eHcaTHbiH KBaHTOBbiii <J)a30BbiH nepexo/1, 

He TaK ^aBHO 6bijio noKaaano, hto ycjiOBHa CTaGnjibHOCTH HoMepaHHyKa ne oxBaTbiBaiOT 

BCe B03M0>KHbie THBbl HeyCTOHHHBOCTH, H, BO KpaHHeH MCpC, O^HH H3 HHX npOnymGH |23| . 

Oh cooTBeTCTByeT CHTyaii;HH, Kor;i;a 3(J)(J)eKTHBHaa Macca — HanSojiee BajKHaa xapaKTepncTH- 
Ka KBasHHacTHii; JlaH;i;ay — MOJKeT CTaTb SecKoneMHO Gojibinoii. B peayjibTaie, KHneTHHecKaa 
sneprna KBasH^acTHu, CTanoBHTca npeneSpejKHMO MajiOH y 4)epMH-noBepxHOCTH, h 4)yHKn,Ha 
n(p) onpe^ejiaeTca noTeHn,HajibHOH SHeprneii. 3to npHBO^HT k HOBOMy Kjiaccy chjibho Koppe- 

JIHpOBaHHblX (|)epMH-CHCTeM: (J)epMH->KHflKOCTb C 4)epMH0HHbIM KOH^eHCaTOM (OK) [2311461 [24] , 
KOTOpblH OTflGJieH OT HOpMajIbHOH 4)epMH->KHflK0CTH c|)epMH-KOH^eHCaTHbIM KBaHTOBbIM 4)a30- 

BbiM nepexoflOM (OKKOn) [471148]. 

Ha f fT4l ) cjie;],yeT, hto npH T = QvLr = [x — xfc) 3(J)(i)eKTPiBHaa Macca pacxo^HT- 
ca, Ml{r) ^ cxD. 3a kphth^cckoh to^koh Xfc paccToaHHC r CTanoBHTca OTpHn,aTejibHbiM, h, 
cooTBCTCTBeHHO, 3(J)(J)eKTHBHaa Macca CTanoBHTca OTpHn,aTejibHOH. /Jjia Toro, htoGm npe^OT- 
BpaTHTb HecTaGnjibHoe h npHHi^HnnajibHO 6eccMbicjieHHoe cocToaHHC c OTpHii;aTejibHbiM SHane- 
HHCM 3(J)(J)eKTHBH0H Maccbi, B CHCTCMC ^^ojiiKCH ocymecTBHTbca KBaHTOBbiH (J)a30BbiH nepexo^i; B 

KpHTHHCCKOH TOHKC X = Xpc, KOTOpblH, KaK Mbl yBHflHM HHJKe, CCTb OKKOH [47ll49[ . TaK KaK 

KHHCTHHecKaa sneprna KBasHHacTHu,, HaxoflamHxca b5jih3h noBcpxHOCTH OepMH, nponopn,HO- 
HajibHa oSpaTHOH BejiHHHne bc^dc^dckthbhoh Maccbi, to npn x ^ Xfc noTeHn,HajibHaa SHeprna 
KBasHHacTHii;, pacnojioacenHbix y (J)epMH-noBepxHOCTH, onpeflCJiaeT sneprHio ochobhofo cocto- 
anna. HoBTOMy (J)a30BbiH nepexo^i;, noHHJKaa BHeprnio chctcmm, flOJixcen bccth k nepecTpoiiKe 
(|)yHKii;HH pacnpeflCJieHHa KBasHHacTHii;, h aa tohkoh (J)a30Boro nepexo^a npn x <xfc pacnpe- 
^ejiCHHe KBasHHacTHu, onpe^ejiacTca oGbi^hmm ypaBHCHHeM ^jia noHCKa MHHHMyMa (J)yHKn,HO- 
Hajia sneprHH [IB] 

5E[n{jp)] 



6n{p,T = 0) 



^(p) = f^;Pi<P< Pf- (15) 
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YpaBHeHHe (fTSl) sa^aeT (J)yHKii;Hio pacnpe^ejieHna KBasHHacTHii; no(p), KOTopaa MHHHMHanpyeT 
SHeprHK) ocHOBHoro cocToaHHa E. Bypy^ii onpe^ejieHHOH h3 ypaBHeHna (fTSll . no(p) ne coBna- 
flaeT CO CTyneHHaTOH (|)yHKii;HeH b oSjiacTH {pf —pi) TaK, mto < no{p) < 1, bhg btoh oSjiacTH 
r;,o(p) coBna^aeT co CTynen^aTOH (J)yHKn,HeH. Ha ypaBHenHa pSI) TaKJKe cjie^yeT, hto o^HO^a- 
CTHHHbiH cneKTp HMCGT aScojiiOTHO "njiocKyio" 4)opMy b 3T0H o6jiacTH. Bo3MO>KHoe pemeHHe 



Phc. 1: <l>yHKii;Ha pacnpeflejieHna KBasHHacTHii; rio(p) h oflHOHacTHHHbifl cneKTp s{p). HocKOJib- 
Ky riQ^p) aBJiaeTca pemeHHeM ypaBHenna (fT5|l . to rig (p < Pi) = 1, < no(pi < p < Pf) < 1, 
no(p > p/) = H5(pj < p < pj) = /i. HMnyjibc OepMH pi;' y^OBjieTBopaeT ycjiOBHio 
Pi <Pf < Pf. 

"'o(p) ypaBHenna (fTSl) h cooTBeTCTByioinHH oflHOHacTHHHbifi cneKTp e(p) noKaaanbi na Phc. 

KBa3HHacTHii;bi c HMnyjibcaMH b oSjiacTH (p/ — Pi) hmciot oflHHaKOBbie o;i;HOHacTHHHbie 
sneprHH, paBHbie xHMHHCCKOMy noTeHn,Hajiy /i, h oSpaayiOT OK, a caMH pacnpe^ejiCHHa no(p) 
onHCbiBaiOT HOBoe cocToanne 4)epMH-jKHflK0CTH c OK |24 l 123 1 [46]. HjiOTHOCTb cocToanHH b o6- 
jiacTH aanaTOH OK, Phc. (I2|), onncbiBaeTca flejibTa-(J)yHKii;HeH, hto CBH^eTejibCTByeT o bmcokoh 
CTencHH BbipojK;i;eHHa 3Toro cocToanna. 

Otmcthm, hto pemcHHa no{p) ypaBHenna (fTSl) aBJiaiOTca hobbimh pemeHHaMH HSBCCTHbix 
ypaBHCHHii TcopHH (|)epMH->KH^KOCTH JlaHflay. /JeHCTBHTCJibHO, npH T = 0, CTaHflapTHoe pe- 
meHHe, HpeflCTaBjicHHoe CTyHennaTOH (|)yHKn,HeH, n(p, T — » 0) — » 0{pf ~ p) — hc e;],HHCTBeHHO 
B03MOJKHoe. AnoMajibHbie pemenHa s{p) = /i ypaBHenna 1^ MoryT cyntecTBOBaTb, ecjiH jiora- 

PH(|)M B HpaBOH HaCTH ypaBHCHHa ([T]) KOHCHeH. 3t0 B03M0JKH0 HpH yCJIOBHH, HTO < ^o(p) < 1 

B HCKOTOpOH oSjiacTH (pi < p < P/). HoSTOMy B paccMaTpHBacMOH oSjiacTH JIOrapH(J)M OCTaCTCa 
KOHCHHbiM HpH T — > 0, a HpoHSBe^eHHe Tln[(l — ?T,o(p))/?T^o(p)]|T^o ^ 0, H Mbi CHOBa HOJiynacM 
ypaBHCHHe f fTSll . TaKHM oSpaaoM, npn T — > 0, (J)yHKn,Ha pacnpe^ejieHHa KBasHHacTHu, no(p), 
Gy^yHH pemeHHCM ypaBHenna pSI) . ne CTpeMHTca k CTynennaTOH (|)ynKn,nn 9{pf — p), coot- 
BCTCTBCHHO, KaK cjic^^ycT H3 ypaBHCHHa ((61), SHTponna Snfl{T) stofo cocToanna CTpeMHTca k 
KOHCHHOH BejiHHHHe 5*0 npH T — 0: 



Bonpoc o TOM, KaK paSoTacT Tcopeivia HepncTa b cncTCiviax c OK TpeycT ocoSoro paccMOTpenna. 




Snfl(T ^ 0) ^ 5*0. 



(16) 
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(/3 
(U 
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o 



T3 







-0,03 -0,02 -0,01 



0,00 



0,01 



0,02 



0,03 



(s-n) 



Phc. 2: (l>yHKij,Ha pacnpeflejieHHa hjiothocth cocToaHHii b oSjiacTH, sanaToii OK 
ripe^nojiOiKHM, HTO npH yMenbinenHH njiOTHOCTH (hjih c pocTOM CHjibi BsaHMOfleiiCTBHfl) 

Mbl ^HOCTHrJIH TOHKH X ~ XpC: KOr;i;a B03HHKaeT (PK. 3t0 03HaHaeT, HTO Pi ^ Pf ^ Pf, h 

OTKJiOHeHHe 5n(p) = no(p) — ^(pf "P) aBJiaeTca MajibiM. PacKJia^biBaa (|)yHKii;HOHaji ii^[n(p)] 
B pa^ Teiijiopa no Sn{p) h coxpanafl CTapniHe njienbi, h3 ypaBHCHHa (115^ mo>kho nojiynHTb 
cjie^yiomee cooTHomeHne b HHTepBajie pi < p < Pf 



r^e F(p, pi) = 6'^E/6n{p)6n{pi) — aMnjiHTy^a Jlan^ay. 06e BejiHHHHbi, aMnjiHTy^a h o^ho- 
HacTHHHaa SHeprna Bq{p), BbiMHCJienbi npn n{p) = 6{pp —p). YpaBHeHHe (fTTI) nivieeT neTpn- 
BHajibHbie pemeHHa npn njiOTHOCTax x < Xpc, gcjih cooTBeTCTByioinaa aivinjiHTyfla JlaH;i;ay, 
aaBHcamaa ot bjiothocth, nojioJKHTejibHa h ^ocTaTOHHO BejiHKa, htoGbi noTeHn,HajibHaa snep- 
rna 6bijia Sojibine, hgm KHneTHnecKaa. HanpHMep, TaKoe cocToaHne peajiHsyeTca b sjieKTpon- 
HOH >KHflKOCTH npH Majibix BjiOTHOCTax. Tor^a npeoSpaaoBaHHe CTynennaTOH (|)yHKn,HH OepMH 
n(p) = 0{pf — p) b rjia^iKyio, onpe;i;ejiaeMyio h3 ypasHeHHa (fTTI) . CTanoBHTca B03M0JKHbiM 



CncTeivia c OK mo^kct CHHTaTbca CHJibHO KoppejinpoBaHHon (J)epMH-jKH;i;KOCTbio npn hjiot- 
HOCTax X < Xpc- Ha ypaBnenHa f flTl) bh^ho, ^to KBa3HHacTHn,bi (J)epMHOHHoro KOH^encaTa 4)op- 
MHpyiOT KOJiJieKTHBHoe cocToaHHe, nocKOJibKy Hx cocToaHHe onpe^ejieno MaKpocKonHHecKHM 
HHCJiOM KBasHHacTHii; c HMnyjibcaMH Pf < p < Pi. OopMa oflHOHacTHHHoro cneKTpa, CBaaan- 
Horo c (J)epMHOHHbiM KOH;i;eHcaTOM, He aaBHCHT OT B3aHMo;i;eHCTBHa JlaHflay, KOTopoe, BOoSine 
roBopa, onpe;i;ejiaeTca CBOiicTBaMH CHCTeMbi KaK ii;ejioro, BKJiiOHaa KOJiJieKTHBHbie cocToanna, 
neperyjiapnocTb CTpyKTypbi, npHMecH, cociaB h t.^. E^HHCTBeHnaa xapaKTepncTHKa, onpe^e- 
jiaeMaa BsaHMOfleiicTBHeM Jlan^ay, — mnpHHa o5jiacTH {pf — Pi), sanaTaa OK; paayMeeTca, 

BSaHMOfleflCTBHe flOJIJKHO 5bITb flOCTaTOHHOH CHJIbI, HToSbl OKKOH BOoSlUe 5bIJI B03M0JKeH. 

SnaHHT, MOJKHO saKJiiOHHTb, HTO cneKTpbi, CBaaaHHbie c OK, hmgiot yHHBepcajibHyio (J)opMy. 
MojKHO noKaaaTb, hto ohh saBHcaT ot TeivinepaTypbi h CBepxnpoBO^aineH mejiH, ho STa aa- 
BHCHMOCTb HMeeT TaKJKG yHHBepcajibHbiH xapaKTep. CymecTBOBaHHe TaKHx cneKTpoB MO>KeT 
paccMaTpHBaTbca, KaK xapaKiepnaa ocoSenHOCTb "KBanTOBoro npoTeKTopaia" , npn KOTopoM 




(17) 
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CBOHCTBa MaTepnajia, BKJiiOHaa h TepMO^HHaMH^ecKHe CBoiicTBa, onpeflejiaiOTca neKOTopbiM 
(i)yH;i;aMeHTajibHbiM npHHii;HnoM [58l [59]. B Hameivi cjiynae, cocToaHne BemecTBa c OK TaKJKe 
aBJiaeTca „KBaHTOBbiM npoTeKTopaTOM", nocKOJibKy hobmh thh KBasHHacTHii; SToro cocToa- 
HHa sa^aeT oco6bie yHHBepcajibHbie TepMO^HHaMH^ecKHe h TpancnopTHbie CBoiicTBa (J)epMH- 

JKH^KOCTH C OK. 



2.3. CxpyKxypa (J)yHKLi,HH FpHHa (J)epMH-KOH/i;eHcaTa 

PaccMOTpHM o6myio TonojiorHnecKyio CTpyKTypy (|)yHKn,HH FpHHa ^Jia TaKHx chctcm Kax: 
HopMajibHaa 4)epMH->KHflK0CTb, MaprHHajiBHaa (J)epMH->KHflKOCTb jiaTTHHJKepoBCKaa 4)epMH- 
>KH;];KOCTb H (J)epMH-KOH;i;eHcaTHoe cocToanHe 4)epMH->KHflK0CTH. HoKajKeM, hto jiaTTHHJKepoB- 
CKaa H MaprHHajibHaa (J)epMH-JKH;i;KOCTH OTHOcaTca k TOMy me TonojiorHHecKOMy KJiaccy, hto 
H o6biHHaa (J)epMH-jKH;i;KOCTb, T.e. hx (J)yHKn;Ha FpHna o6jia;i;aeT b HMnyjibCHOM npocTpancTBe 

BHXpeBOH OCoSeHHOCTBK), H reOMeTpHHeCKOG MeCTO TO^eK, B KOTOpblX HMeeTCa OCoSeHHOCTb, 

o5pa3yeT noBepxHOCTb OepMH. B cocToannH (|)epMHOHHoro KOH^eHcaTa BHxpeBaa ocoSeHHOCTb 
pasMbiTa B nojiocy kohghhoh mnpHEbi (BHxpeBOH jihct), hto no anajiorHH c BHxpaMH b CBepx- 
TeKynefi jkh^kocth cooTBeTCTByeT pacmenjieHHio BHxpa c o;i;hhm KBanTOM ii;HpKyjiaii;HH na flBa 
nojiyBHxpa, coe^HHenHbix BHxpeBbiM jihctom. 

HopMajiBHaa (J)epMH->KH^KOCTb Jlan^ay xapaKTepnayeTca 4)yHKn,HeH FpHna c xopomo onpe- 
flejieHHbiM nojiiocoM b6jih3h 4)epMH-noBepxHOCTH: 

Gi^, P) - 7 ^ . ^ . . y (18) 

00 — vf[P — Pf) + t'y[p)stgn[p — pp) 

3^ecb Z — BbiHGT. BbiHGT Z MaprHHajibHOH 4)epMH-jKH;i;K0CTH oSpamaeTca b nyjib, KaK Jiora- 
pH(J)MHHecKaa (J)yHKii;Ha nacTOTbi |62| : Z oc l/ln{ujc./^)- 3to CBaaano c yMeTOM BsaHMOfleii- 
CTBHa sjieKTpoHOB c nonepeHbiMH (J)OTOHaMH |73]. B (J)epMH-jKH;i;KOCTH JlaTTHHJKepa Z cna- 
^aeT CTeneHHbiM oSpaaoM |74| . nocjie^nee hmcgt mgcto b o^noMepHbix 4)epMH-CHCTeMax, ho 
nO-BHflHMOMy B03M0JKH0 H B CHCTeMax c SojibineH pasMepHOCTBio |75) . 

Hac HHTepecyeT o;i;HOHacTHHHaa (|)yHKii;Ha FpHHa G{Vt^ p) na mhhmoh nojiyocn nacTOT 00 = 
i^l. CorjiacHO o5hi;hm anajiHTHHecKHM CBoiicTBaM G{^1, p) mojkgt hmctb ocoSghhocth tojibko 

HpH f2 = [76]. B oSblHHOH 4)epMH->KHflK0CTH 3TH OCo5eHHOCTH paCHOJIO^KGHbl Ha HOBCpXHOCTH 

OepMH H xapaKTepnayiOTca cjie^yiontHM HHBapnaHTOM |46j 



N = tr{ ^G{iu, p)diG-\iu, p), (19) 
Jc 

r^e tr o6o3Ha^aeT cjie^ ho chhhobbim hjih sohhbim HH^eKcaivi (J)yHKn,HH Fpnna, a HHTerpaji 
6epeTca ho npoHSBOJibHOMy KOHTypy G, oxBaTbiBaiomeMy ocoSghhoctb (J)yHKn,HH Fpnna. 

Ha (I3|) fljia npocTOTbi H3o5pa>KeH cjiynaii ^ByMepnon (J)epMH->KHflKOCTH, r^e Koniyp C 
oxBaTbiBaeT jiHHeHnyio ocoSenHOCTb — 4)epMH-jiHHHio. Ecjih ocoSennocTb HMeeT anajiHTH- 
necKHH xapaKTep, to N coBna^aeT c KpaTHOCTbio nojiioca b ocoSghhocth. TaK b oGmhroh 
(J)epMH-jKH;i;KOCTH 4)yHKii;Ha FpHna HMeeT b ocoGennocTH hojiioc nepBoro Hopa;i;Ka, G{Q, p) ~ 
Z/{z — VfPf), r^e z = VfP — i^, HOSTOMy N = 1 ^jia KajK^OH h3 ^nyx HpoeKn,HH cnnna, 
TaK HTO cyMMapnbiH aapa^ N = 2. HaM Ba>KHO, hto HHBapnaHT N ocTaeTca n,ejiOHHCJieHHbiM 
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■A 

XT' 







Phc. 3: OepMH-noBepxHOCTb b ^ByMepHoft (TpexMepnoii) (JjepMH-jKH^KOCTH npeflCTaBjiaeT co- 
Soft TonojiorHHecKH ycToftHHByio ocoSyio BHxpeByio jihhhio (noBepxHOCTb) b TpexMepnoM (ne- 
TbipexMepHOM) npocTpancTBe Q,Px,Py {^,Px,Py,Pz), npn oSxo^e BOKpyr KOTopoft 4)a3a 4)yHK- 
n,HH FpHHa MenaeTca na 2it. Taxaa CTpyKTypa coxpanaeTca b MaprHHajibHoft h jiaTTHHJKepoB- 

CKOH (J)epMH->KHflKOCTflX. 

flajKe B TOM cjiynae, Kor^a oco6eHHOCTb ne aBJiaeTca nojiiocHofl. 3tot hh^^gkc onncbiBaeT na- 
6er (|)a3bi $ (J)yHKii;HH FpHHa npn o6xofle no KOHTypy, paBHbift 27tN, nosTOMy oh hg mojkgt 
MGHHTbCH nenpepbiBHO h tgm caMbiM coxpanaeTca npH Majibix ineBejienHax 4)yHKn,HH FpHna. 

B 3T0M OTHOmeHHH HMeGTCH anajIOrHfl C TOnOJIOrHneCKH yCTOHHHBblMH OCoSeHHOCTHMH y (|)a3bl 

KOH^encaTa CBepxTeKy^eft >KHflKOCTH — mojkho CKaaaTb, ^to (|)epMH-jiHHHfl na (I3|) ^,Jl5l o^hoh 

H3 KOMnOHGHT CnHHa COOTBCTCTByeT B BTOft aHajIOrHH JIHHHH KBaHTOBaHHOFO BHXpa C KBaHTOM 

ii;HpKyji5iii;HH = 1. (B cjiynae TpexMepnoft 4)epMH->KHflK0CTH KBanTOBbift BHxpb b neTbipex- 
MepnoM npocTpancTBe (fi, p) oSpaayeT ^ByMepnyio noBepxnocTb -noBepxnocTb OepMH; ^jih 
o^HOMepnoft 4)epMH->KHflK0CTH BHxpb aBjiacTca TOHKOH B flByMepHOM npocTpancTBe). 
HnBapHaHT N ne MenfleTCfl npn nepexo^e ot oGbi^hoh (J)epMH->KHflKOCTH k nenojiiocHbiM 

(iViaprHHajIbHOft HJIH JiaTTHHJKepOBCKOft) 4)epMH->KHflKOCT5IM. ^eftCTBHTejIbHO, 4)yHKIi;H5I FpH- 
Ha fljia oflHOMepHoft jiaTTHHJKepoBCKoft SeccHHHOBoft 4)epMH->KHflK0CTH HMeGT b6jih3h KajK;i;oft 
H3 flByx 4)epMH-T0HeK ±pf cjie;],yion],Hft bh^ [75]: G{uj, k = p ± pp) ~ iy'^k'^ — uP'Y I '^^)- 
npo;],oji>Kafl G aHajiHTmecKH na MHHMyio nojiyocb, v)\q, G{Q,p) ~ (2; — VFPFy~^{z* — VfPfY, 
H BbiHHCJiafl HHTerpaji p9l) . nojiy^aeM KaK h b oSmmhom cjiynae Ty me BHxpeByio ocoSeHHOCTb 
HpH z = vpPf c N = 1 He3aBHCHM0 OT BejiHHHHbi g. To »ce HOJiynaeTca h ^Jia MaprnnajibHoft 
(J)epMH-jKH;i;KOCTH [62l [73] c G ^ {inin{iQ) —vf{p — Pf))~^- TaKHM o6pa30M nepexo^i; k Maprn- 

HajIbHblM H JiaTTHHJKepOBCKHM COCTOaHHSM HG MGHaGT TOHOJIOrHHeCKyiO CTpyKTypy (J)yHKH;HH 
FpHHa (|)epMH->KHflKOCTH, COXpaHfla HOHaTHe 4)epMH-H0BepXH0CTH, KaK HOBepXHOCTH BHXpeBblX 

CHHryjiapHOCTeft (J)yHKn,HH FpHHa. CHTyan,Ha ne MenaeTca npn y^eie chhhoboh CTpyKTypbi. B 
3T0M cjiynae HHTerpaji (fT9l) j^Jisi o6biMHoft 4)epMH->KHflK0CTH ;i;aeT cyMiviapHbift 3apafl N = 2 
fljia ;i;Byx komhohght cnnna, h caMoe 6ojibmoe, mto mojkgt HpoH3oftTH npn nepexofle k hgho- 
jiiocHbiM (J)epMH-jKH;i;KOCTaM, 3T0 pacni;eHJieHHe BbipojK;i;eHHoft ho cnnny (J)epMH-HOBepxHOCTH 
c = 2 na ^bg xopomo OHpe^ejiennbix (|)epMH-noBepxHOCTH c N = 1 Ka>K;],aa, KOTopbie 

COOTBCTCTByiOT XOJIOHaM H CnHHOHaM |72) . C TOnOJIOrHHeCKOH TOHKH 3peHHa 3T0 3KBHBajieHT- 
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HO pacmenjieHHK) (|)epMH-noBepxHOCTH nayjineBCKHM MarHHTHbiM nojieivi, KOTopoe pa3;i;BHraeT 
SHeprHH (J)epMHOHOB c pasHbiMH npoeKiiHJiMH cnHHa, hto TaKJKe npHBO^HT K ;i;ByM HeBbipOJK- 
fleHHbiM (J)epMH-noBepxHOCTaM c = 1. 



s 




Phc. 4: B 4)epMH0HH0M KOH^encaTe 4)epMH-noBepxHOCTb pacnjibisaeTca b 4)epMH-nojiocy, rpa- 
HHii;bi KOTopoH p = Pi Ti p = p2 npeflCTaBJiaiOT C060H nojiyKBaHTOBbie BHxpn. Hpn oSxo^e 
BOKpyr TaKoro nojiyBHxpa 4)a3a (J)yHKii;HH FpHHa MenaeTca na vr. 

CoBceM flpyraa CHTyaii;Ha BOSHHKaeT b cncTeivie c 4)epMH0HHbiM KOH^eHcaTOM. B btom cjiy- 
Hae BHxpeBaa jiHHHa c = 1, KOTopaa He mo^kct HCHeanyTb b CHJiy TonojiorHHecKoli ycTOii- 
HHBOCTH, pacTarHBaeTca b BHxpeBoli jihct ((J)epMH-nojiocy, cm. ([4]) ^Jia pasMepnocTH D = 2), 
na KOTopoM (|)a3a $ (J)yHKn,HH FpHna HcnbiTbiBaeT CKa^OK. B MO^ejiH xaoTH^ecKHx (J)a3 |23| . b 
KOTopoii na (i)epMH-nojioce Pi < p < P2 sneprna {e{p) — fi) = m, cjie;],OBaTejibHO, G = 1/ifl, 
CKanoK (J)a3bi $ npn npoxojKflenHH Mepe3 = nocToaneH h paben vr. 3to 03HaHaeT, hto 
rpaHHii;bi BHxpeBoro JiHCTa npe;i;cTaBJiaiOT coSoh BHxpn c nojiyii;ejibiM KbanTOM ii;HpKyjiaii;HH 
= 1/2, nocKOJibKy naSer 4)a3bi BOKpyr hhx cocTaBJiaeT tt. 3to cbohctbo aBJiaeTca rpy6biM, 
T.e. flOJiJKHO coxpaHHTbca H B TO^HOM pemeHHH ypaBHeHHH fljia (J)yHKn,HH FpHna, KOTopoe bo- 
oSme roBopa ne flOJi>KHO coBna^aTb c pe3yjibTaT0M MO^ejiH. Mo>kho npeflHOJio>KHTb, hto npn 
flocTaTOHHO MajiOM pacni;eHJieHHH P2—P1, Kor^a (J)yHKn;Ha Fpnna Be;i;eT ce5a oflnnaKOBO b5jih3h 
KajKfloro h3 nojiyBHxpeii, oho HMeeT npocToii CTeneHHOH bh^i;: 



HTO cooTHGTCTByeT KopHeBOMy pa3pe3y na 0Tpe3Ke pi < p < p2. ^asa $ (|)yHKn;HH Fpnna no 
o6e CToponbi paspesa OTJinnaeTca na vr. 

HiaK, B OTjiHHHH OT MapmnajibnoH n jiaTTHn>KepoBCKOH (|)epMH->KHflKOCTeH, cncTeivia c 
OK no CBoeii Tonojiorn^ecKon CTpyKType anjiaeTca cymecTBenno noBbiM KjiaccoM 4)epMH- 
jKHflKOCTen. Hepexofl ot 4)epMn-noBepxnocTn b oSbinnoii (|)epMn->KH;];KOCTn k (|)epMH-nojioce 
B 4)epMnonnoM Kon^encaTe CBa3an c n3MenenHeM TonojiornnecKon xapaKTepncTnKn (J)ynKn;nn 
Fpnna n npe;i;cTaBJiaeT coSon pa3noBnflnocTb TonojiornnecRnx 4)a30Bbix nepexoflOB Jln(|)mnn;a, 
npoHCxo^an],Hx npn nyjienon TeMnepaType |46l [311 132| . 3to anjienne mojkgt HMeTb mgcto ne 
TOJibKO B nopMajibnoH 4)epMH-jKHflK0CTH, no n B CBepxnpoBOflnHKax, r^e ^ocTaTonno cnjibnoe 




(20) 
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cnapHBaTejibHoe BaaHMOfleficTBHe moxcgt npHBecTH k otkpmthio 4)epMH-noBepxHOCTH ^ajKe b 
CBepxnpoBo;i;aiii;eM cocToaHHH [77]; nocjie^Haa npe;i;cTaBJiaeT coSoli noBepxHOCTb ocoSeHHOCTen 
y pacmnpeHHOH (|)yHKii;HH FpHHa CBepxnpoBo;i;HHKa ((|)yHKii;HH FopbROBa). 



2.4. 3jieKTpoHHaa :acH/i;KOCTb c (J)epMHOHHbiM KOH/^eHcaxoM 
B MarHHTHbix nojiax 

B 9T0M pasflejie paccMOTpHM noBe^enHe Ta>KejiOH sjigrtpohhoh >kh^kocth c OK b Mar- 

HHTHOM nOJie. HpeflnOJIOKHM, HTO KOHCiaHTa CBHSH OTJIHHHa OT HyjIH, Aq 7^ 0, HO SeCKOHe^HO 

Majia. ripH T = CBepxnpoBOflainHH napaMeip nopaflKa k(p) KOHeneH b oSjiacTH aanaTOH OK, 
a MaKCHMajibHaa BejiHHHHa CBepxnpoBOflaineli mejiH Ai oc Aq — 5ecK0HeHH0 Majia. HosTOMy 
jiioSoe Majioe MarHHTHoe nojie B ^ sBJiaeTca KpHTHnecKHM h paapymaeT ^(p) h caivi OK. 
/Jjia onpe^ejieHHfl THna nepecTpoiiKH cocToaHHa c OK ^ocTaTOHHO npocTbix snepreTH^ecKHx 
apryMGHTOB. C o^Hoii CTopoHbi, BbiHrpbim BneprHH Ai^e H3-3a paapymenHa cocToanHa c OK 
paBGH AEb oc h CTpeMHTca K HyjiK) npH B —y 0. C ^pyroa CTopoHbi, aanaMaa KOHeaHbiii 
HHTepBaji {pf — Pi) B npocTpancTBe HMnyjibCOB, noBaa (J)yHKii;Ha ^io(p) ;i;oji>KHa npHBo;i;HTb k 
KOHeanoMy Bbiarpbimy b SHepraa ocHOBHoro cocToaHaa no cpaBHenHio c HopiviajibHOH 4)epMH- 
acH^KOCTBio |23| . TaKHM o5pa30M, b cjia5bix MarnaTHbix nojiax hobog ochobhog cocToanae 6e3 
OK flOJiacHO hmctb noaTH Ty me snepraio, aTO a cocToaaae c 4)epMaoHHbiM KonfleacaTOM. 
TaKoe cocToaaae oSpaayeTca MaorocBaaabiMa c4)epaMa OepMa, aaaoMaaaiomaMa jiyKOBan,y, 
rfle rjia^iKaa (|)yHKn;Ha pacnpeflejieHaa KBaaaaacTan; no(p) b oSjiacTH {pf — Pi) saMenaeTca 
pacnpe;i;ejieHHeM i/(p) [HI [64] 



S^ecb napaivieTpbi Pi < Pi < P2 < ■ ■ ■ < P2n ^ Pf no;i;o6paHbi TaK, aToSbi y;];oBJieTBopHTb 
ycjioBHaM HopMHpoBKH H coxpaHGHHa HHCJia aacTHu;: 



CooTBCTCTByiomee MaorocBaaaoe pacnpe^ejieaae aoKaaaao aa Pac. O /Jjia onpeflejieaaocTa 
npaBeflGM aaaSojiee aaTepecabiii cjiyaaa TpexMepaoa cacTeMbi, paccMOTpeaae ^ByMepaoa ca- 
CTeMbi MOJKGT SbiTb BbiHOJiHeHO aaajiorHaHO. Otmcthm, hto B03M0>KH0CTb cyni;ecTBOBaHHa mho- 
rocBasHbix c^ep OepMH SbiJia npefljioxceHa b paSoTax [65l 166]. IlpeflnojiojKHM, hto TOJini;HHa 
6p KajKfloro BHyTpeHaero SjiOKa 4)epMH-c(|)epbi npaSjiHSHTejibHO pabaa 6p ~ P2k+i — P2k, h 
6p oape^ejiaeTca Bejiaaaaoa MaraaTaoro aojia B. Hcaojibsya asBecTBoe apaBajio ^Jia on,ea- 
Ka aorpemaocTa apa Bbiaacjieaaa aaTerpajiOB, aojiyaaM, aTO Maaaiviajibaaa aoTepa b aaepraa 
ocBOBBoro cocToaaaa aa-aa (|)opMapoBaBaa 6jiokob apaGjiaaaTejibao pabaa [SpY- 3tot peayjib- 
TaT CTanobHTca acHbiM, ecjia npaaaTb bO bHaMaaae, aTO nenpepbibHbie (J)epMH-KOH;i;eHcaTHbie 
(J)yHKn;Ba no(p) o6ecneaabaiOT ManaMajibHyio bejiaaany (|)yHKn;HOHajia snepraa i?[7T,(p)], b to 
bpeMa KaK apaSjiaaceaae i^(p) CTyaeabKaivia mapaaoa 5p apabo^aT k Maaaiviajibaoa omaSKe, 
aopa^OK KOTopoii (Sp)'^. YaaTbibaa, aTO bbiarpbim aa-aa MaraaTaoro aojia apoaopn,aoaajiea 



n 




(21) 
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p. 



■2n 



Phc. 5: <l>yHKii;Ha z^(p) flJia MHorocBasHoro pacnpeflejieHHa, aaMenaiomero (J)yHKii;Hio no{p) b 
oSjiacTH {pf — Pi), aanaTOH (J)epMHOHHbiM KOHflencaTOM. HivinyjibCbi yflOBJieTBopaiOT cootho- 
meHHK) Pi < Pf < Pf} s^ecb pp — HMnyjibc HopMajibHofl (|)epMH->KHflKOCTH Jlan^ay. BneniHaH 
(J)epMH-noBepxHOCTb npn p ~ p2n — Pf hmcgt bh^ 4)epMH-CTyneHbKH, noaiOMy npH T < T*{B) 
CHCTCMa Be^eT ce5a KaK 4)epMH->KHflK0CTb Jlan^ay. 

B^, H npnpaBHHBaa 06a BKJia;i;a, nojiynaeivi 



TaKHM oSpaaoM, npn T — 0, Kor;i;a B ^ 0, TOJimHHa Sp CTpeiviHTca k nyjiio {5p ^ 0), h noBe^e- 
HHe (J)epMH->KH^KOCTH c OK saMGHaeTca noBe^eHHeM (J)epMH->KHflKOCTH Jlan^ay c HMnyjibcoM 
OepMH Pf. H3 ypaBHenna (fTSll cjie^yeT, ^to pj > pp, a njiOTHOCTb x sjieKTponoB ocTaeTca 
nocToaHHOH. Hpn btom (J)epMH-HMnyjibC MHorocBasHoii 4)epMH-C(|)epbi p2n — Pf > Pf, cm. Phc. 
[5l KaK Mbi yBH;i;HM ^ajiee, sto Ha6jiiofleHHe nrpaeT BajKHyio pojib npn paccMOTpennH ko34)4)h- 
ii;HeHTa XojiJia Rh{B) KaK 4)yHKii;HH B npn hhskhx TeivinepaTypax b MeiajiJiax c TO. 




(22) 
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3. ^pyrne TeopeTHHecKne ^OKaaaTejibCTBa 
cymecTBOBaHna 4)epMnoHHoro KOH^eHcaxa 



B cjiynae OKKOH, krk h npH paccMOTpeHHH ^pyrHx (|)a30Bbix nepexo^OB, Mbi HMeeM ^ejio 
c CHJibHbiM MejKHacTHHHbiM B3aHMo;i;eHCTBHeM, rfle a6cojiiOTHO HaflejKHbiii otbct nejibsa ;i;aTb 
Ha ocHOBe HHCToro TeopeTHnecKoro paccMOTpenHa, 6a3Hpyioiii;eroca na nepBbix npHHii;Hnax. 
HoBTOMy e;i;HHCTBeHHbiH cnoco6 npoBepKH peajibHOCTH OK coctoht b HsyHenHH SToro cocto- 
aHHfl B paMKax to^ho pemaeMbix MO^ejiefl h b paccMOTpenHH SKcnepHMeHTajibHbix (|)aKTOB, 
KOTopbie MO>KHO HHTepnpeTHpoBaTb KaK npHMoe noflTBep>K;],eHHe cymecTBOBanHa OK. B flan- 
HOH rjiaBe pacciviaTpHBaiOTca TeopeTH^ecKHe CBH;i;eTejibCTBa, flOKasbiBaioiuHe cymecTBOBaHne 
OK. OSaop peayjibTaTOB SKcnepHMGHTOB, oSijacHeHHe KOTopbix HpeaBbinaHHO 3aTpy;i;HHTejibH0, 
BHe TeopHH OKKOn, 5y;i;eT npoBeflen b nocjie;i;yioiii;Hx rjiaBax. 

3.1. ToHHO pemaeMbie MO/i,ejiH <J)epMHOHHoro KOH/i,eHcaTa. 

ToHHO pemaeMbie Mo;i;ejiH oflHoanaHHO CBH;i;eTejibCTByiOT, hto (|)epMH-CHCTeMbi c OK aBJia- 
lOTca oSteKTHBHoii peajibHOCTbio (cm., nanpHMep, [SOllSTl [5211571 [24]). IlpHHHMaa bo BHHMaHne 
TonojiorHHecKoe paccMOTpenHe npoBe^enHoe b pa3;i;ejie , mojkho saKJiiOHHTb, hto hobmh KJiacc 
(|)epMH->KH^KOCTeH c OK He aBjiaeTca nycTbiM, ^encTBHTejibHO cymecTByeT h npe^CTaBjien 
oSniHpHbiM ceMencTBOM hobbix cocToanHH 4)epMH-CHCTeM. 

3.1.1. ToMHO pemaeMbie MO/i;ejiH OK b paMKax (JjyHKi^HOHajibHoro nofl- 
xo/i,a. 

HoBefleHHe (|)epMH-CHCTeMbi, coBepmaiomeH OKKOH, b paMKax no^xo^a, Hcnojibsyiomero 
Mo;i;ejibHbiH (J)yHKii;HOHaji Jlan^ay, BnepBbie Smjih BbinojineHbi B. Xo^ejieM h B. IIIarHHaHOM, 
a TaKJKe O. HosbepoM [24l [67]: 



SanncaHHbiH b BH^e ([23ll . 4)yHKii;H0Haji E[n{p)] HMeeT (|)opMy npocTeflmero 4)yHKii;H0Hajia 
3HeprHH JlaH;i;ay c neKOTopbiM 3(J)(J)eKTHBHbiM noTeHii;HajiOM ^ByxHacTHHHoro BsaHMOfleficTBHa 
^(Pi ~ P2)- Otmcthm, ^to ^aHHbiH BHfl (J)yHKn,HOHajia aBjiaeTca jinnib nepBbiM npnGjiHJKeHH- 
eM fljia sneprHH CHCTeMbi, y^oGnbiM ^jia anajiHsa CHCTeM b paMKax to^ho pemaeMbix MO^ejieii 




(23) 
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HJiH HHCJieHHbix pacHGTOB. CyinecTBeHHO, HTO Hcnojib30BaHHe BToro (J)yHKii;HOHajia bosmojkho 
TOJibKO fljia HsyneHHa 3(|)(|)eKT0B, CBaaaHHbix c KanajiOM BsaHMOflelicTBHa nacTHii; h ^bipoK 
B OKpecTHOCTH TOHKH 4)a30Boro nepexofla, h ne mo^kct 5biTb HcnojibsoBaH ^Jia nojiyneHHa 
xapaKTepHCTHK Kanajia BaaHMO^encTBHa HacTHn,a-HacTHn,a, nanpHiviep, ^Jia BbiHHCJienHa cna- 

pHBaTejIBHblX CHJI |24| . 

HoflCTaBjiaa (l66l ) b ([2]), nojiynaeM BbipajKenHe ^Jia BHeprnn KBasH^acTHu,: 



(24) 



noflGnpaa pasjiHHHbie (J)opMbi noTeHn,Hajia V(pi — P2), mojkho nojiynHTb Bce HSBecTHbie mo- 
flejiH, KOTopbie MoryT SbiTb pemenbi anajiHTHHecKH b paiviKax pacciviaTpHBaeMoro no^xo^a. 
EcjiH BOcnojib30BaTbca cooTHomeHneM (I7j), CBaabiBaiomHM n(p,T) h e{p,T), 

n(p.r) = {l+exp[ '^'P-^>-^' ^^" 

H ynecTb, hto ypaBHenne (IM]) HyjKHO pemaTb c yneTOM ycjiOBHa HopMHpoBKH, KOTopoe (J)aK- 
TH^ecKH cjiy>KHT ypaBHeHHeM ^jia onpe^ejieHHa xHMHHecKoro noTeHn,Hajia fx: 



^ = ^/^^P^(^' ^^^^ 



rfle p njiOTHOCTb CHCTeMbi, to ypaBHenna (i24l ). ( I25i l. ( 12511 oSpaayiOT 3aMKHyTyio CHCTeMy, no3- 
BOJiaiomyio BbiHHCJiHTb anajiHTHHecKH n(p, T), e{p,T) h /x. 

B KanecTBe npniviepa, paccMOTpHM necKOJibKO noTeHii;HajiOB B3aHMo;i;eHCTBHa KBasHHacTHii;. 

1. HpocTeHinHH noTeHn,Haji, BnepBbie paccMOTpenHbiii b |69l I24| . KOTopbiii cooTBeTCTByei 
orpaHHHeHHOMy ^ajiBHO^eHCTByiomeMy BsaHMO^eiicTBHio b KOop^HnaTHOM npocTpancTBe, hmg- 
eT BH^: 

f/(p-pi) = (27r)3f/5(p-pi), (26) 

3flecb U — nocToaHHaa BsaHMOflencTBHa. 3T0My BsaHMOfleficTBHio cooTBeiCTByeT xkmh^gckhh 
noTeHn,Haji hf = e{pF,np{p)) ocnoBHoro cocToanHa: 

H sneprHa KBasH^acTHu,: 

2 

e{p,n{p)) = ^ + Un{p), (28) 

YcjiOBHe CTa6HjibH0CTH fljia ocnoBHoro cocToanHa BbinojinaeTca npH t/ > 0. B btoh MO^ejia 
cymecTByiOT ;i;Ba KpHTH^ecKHx SHaneHHa KOHCTanTbi BsaHMOfleflcTBHa. HepBoe, = 0, Korfla 
©K B03HHKaeT, H BTopoe, Ulc = (5/2)^/^e^, Korfla Pi oGpamaeTca b hojib (npn U > Uic Bce na- 
CTHii;bi npHHafljiejKaT KOHflencaTy). B paccMaTpHBaeiviOH Mo;i;ejiH pacnpeflejieHne KBasHHacTHii; 
no HMnyjibcaM mo>kho aanacaTb b bh^g: 

Up = 1 npH p < Pi 

np = 4 npn Pi < p < pf , (29) 

Pf Pi 

Up = npH p > Pf 
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CTaH^iapTHbie rpa(|)HKH 4)yHKii;HH e{p,n{p)) h Up hmgiot bh^ krk na PhcIH 

2. BTopaa MO^ejib CBaaana c noTeHii;HajiOM 3(|)(|)eKTHBHoro B3aHMo;i;eHCTBHH: 

f/(p-Pi)=i r, (30) 

I P - Pi I 

H COOTBeTCTByeT flBHJKeHHK) KBaSHMaCTHIi; B KOOp;i;HHaii;HOHHOM npOCTpaHCTBe nOfl BJIHSHHeM 

BHeniHero KBaanynpyroro nojia Vex{r) = (l/(2M))r^ h B3aHMo;i;eHCTByioiii;HX flpyr c ;i;pyroM 
nocpeflCTBOM KyjiOHOBCKoro noTeHn,Hajia: 

U{r-r,)^^ r, (31) 

I r — ri I 

KpoMe orpaHHHeHHa, HajiojKeHHoro na hhcjio MacTHii; cncTeMbi ycjiOBneM nopMnpoBKH fl25l) . 
cymecTByeT eiii;e flonojiHHTejibHoe ycjiOBne, CBaaaHHoe c npHHii;HnoM Hayjin n{p) < (27r)~^. 
Bse^eM B flaHHOH sa^ane SeapasMepHbifi napaivieTp ^ = 1 — M/M* . HoKa BejiHHHna napaivieT- 
pa ^ He npeBOCxoflHT KpHTHnecKoro SHaneHHa = gM/Qn'^, BjiHanne BHemnero nojifl Vex{r) 
flOMHHHpyeT H (J)epMH-CTyneHbKa abJiaeTca (|)yHKii;HeH pacnpe;i;ejieHHa KBasHHacTHii;. ^Jia /j^f 
H e{p) HMeeM cjie;i;yioiii;He BbipaxceHHa: 

- 2M ' ^^^^ 
. ^ W -P" ^ < . ,33, 

Bh;i;ho, hto npH = 1 3(|)(|)eKTHBHa5i Macca CTanoBHTca 5ecKOHeHHoii, a npn ^ > 1 KyjionoBCKoe 
OTTajiKHBanne npeBbimaeT KBasHynpyrne CBasH CHCTeMbi, h pacnpe;i;ejieHHe (PepMH ;i;oji>kho 
6biTb aaMeneHo: 

n{p) = eip-pf)/^, (34) 

r^e Pf = PfC^^^- JX'^^ SToro pacnpe;i;ejieHHa hobmh xHMHHecKHH noTeHii;Haji /i = 3p'j/2M, a 
HOBaa aneprna KBasHHacTHii;: 

e{p) = I ^ ^ , (35) 

I l^f + ~ Pf) npn p>Pf 

r^e A — KOHCTaHTa. Ha Phc. [6] npHBe^enbi rpa4)HKH (J)yHKn,HH pacnpe^ejienHa h aeprHH 
KBasHHacTHii; ocnoBHoro cocToanHa s{p). 

3. AnajiHTHHecKHe BbinncjieHna TaKJKe BOSMO^KHbi ^Jia Mo;i;ejiH c MejKHacTHHHbiM Bsanuo- 
fleflcTBHeM: 

X exp(-/3 I (pi - p2 I 
P - Pi = ^ n 1 • 

I (Pl - P2 I 

Sflecb — nocToaHHaa cnapHBanna, (3 — KOHCTanTa B3aHMo;i;eHCTBHa. 3Ta MO^ejib BKJiiOHa- 
GT B ce6a o6e MO^ejiH, paccMOTpennbie Bbime b stom paa^ejie. Mo^gjib „2", c „KyjiOHOBCKHMH 
CHjiaMH", nojiy^aeTca npH (3 = Ob (l36l ). Mo^ejib „1", c CHjiaMH, xapaKTepHsyiomHMHca orpann- 
HeHHbiM ;i;ajibHo;i;eHCTBHeM, nojiynaeTca, ecjin nojiojKHTb g/2(3'^7r'^ = const h nepeftTH k npe^ejiy 
B cjie;i;yioiii;eM BbipajKenHH: 

hm (3 ■ = 47r5(| (pi - pa |). (37) 

P^oo I (_pi - p2 I 
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Phc. 6: OyHKi^na pacnpe;i;ejieHHa h seprna KBasHHacTHii; ocHOBHoro cocToaHHa e{p) ;i;jia 
Mo^ejiH c noTeHn,HajiOM BsaHMO^eHCTEHfl f/(p — pi) = | ^ ^ ^ — j- 

rioflCTaBjiHfl ( l36ll B ( l24l l h pemaa ero OTHOCHTejibHO n(p) h nojiy^HM cjie^yiomHe Bbipa- 
jKeHHa fljia sthx bcjih^hh: 

= / pV2M - - (ppP + 1) sinh exp {-pj.p)/pP]/27i^P^, npn p < p,. 
\ p'^/2M + qIpfP cosh - sinh {pf/3)] exp (-p/3)/27r^p/?^, npn p < pp ' 

nip) = no - n2P^/p), , (39) 

rfle e = 1 - M/M*, /i = ^^(^^p^ + 3)/2M(/3p^ + 1), n, = (1 + P^Mfi/3)/C, = PVf/6C 
Ha Phc. [7] H3o5pa>KeHbi rpa(|)HKH 4)yHKii;HH pacnpeflejiCHna KBasHHacTHii; no nivinyjibcaM n{p) 
H sneprna KBaan^acTnn, e{p). 

3.1.2. ToHHO pemaeMaa MO^ejib OK Xai],yraH-KoMOTO. 

B paSoTC [52] /J. J1h;],ckhm, /I>k. innpanmn, /Jjk. Xan,yraH n M. Komoto ncnojibaona- 
na TO^HO pemaeMaa ^nyxMepnaa o5o5n];eHHaa MO^ejib Xan,yraH-KoMOTO |53] ^Jia Hccjieflosa- 
nna ocnoBHoro cocToanna (|)epMH->KHflKOCTH npn T = 0. 3Ta MO^ejib ana^ornaHa MO^ejin 
IIIeppnnrTona-KnpKnaTpHKa |54| ji^jisi cnnnoBoro CTCKJia n SKBHBajienTna Mo;i;ejin Xa55apfla, 
B TOH nacTn, Kor^a o5e flonycKaiOT nepecKaKHBanna sjieKTponoB na jiioSbie paccToanna jSSj . 

PaccMaTpHBacTca raMnjibTonnan cncTCMbi H: 

H = Y.^^^^''^ + ^Y.kk"^kn,', (40) 

k k,k/ 

Tflfi Hk = c^Ck — onepaTop pacnpeflejienna aacTnn, no nivinyjibcaM, c^Ck — onepaTopbi poacfle- 
nna n ynnaToacenna, V — oStjCm cncTCMbi, — onepaTop BaanMO^encTBHa aacTnn,. 

B TepMo;i;HHaMHaecKOM npe;i;ejie V" — ^ oo, (]3yHKn;Ha B3aHMo;i;eHCTBHa b (l40l) mojkct SbiTb 
aanncana b Bn^e: 

f(k,k') = {27iYU{k)S{k-k')^, (41) 
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1 




m 






" 






ft Pf 



Phc. 7: OyHKitHH pacnpeflejieHHa KBasHHacTHu, no HMnyjibcaM n(p) h aneprHa KBasHna- 
CTHu, £(p) fljia MOflejiH c noTeHn,HajiOM BaaHMOfleiicTBHfl MejK^y HacTHn,aMH U{p — pi) ~ 
exp(-^ I pi - p2 I 
I Pi - P2 I 



r^e /c =1 k I, A; =| k |, — yroji Mexjxy k h k . OyHKixHH U{k) h g{(j)) BbiSnpaiOTCfl b 
paccMaTpHBaeMoii mo^gjih. OyHKi^na g{4>) 27r-nepHOflHHHa h neTna. By^eM fljia onpeflejienHO- 
CTH CHHTaTb, MTO g{(p) flOCTHraei MaKCHMyMa npn = tt ( k = — k ) h mohotohho y6biBaeT 
npH — > 0. /Jjia onncaHHoro KJiacca MO^ejieii mojkho anajiHTHHecKH BbinncjiHTb aneprHio 
ocHOBHoro cocToaHHa H 4)yHKii;Hio pacnpe^ejienna 3JieKTpoHOB no HMnyjibcaM Uk, nivieioniyio 
nenpepbiBnyio saBHCHMOCTb ot k, mto CBn;i;eTejibCTByeT o He-(J)epMH->KHflKOCTHOM noBeaennn 
onncbiBaeMbix cncTeM hjih o (|)epMH-KonflencaTnoM cocToannn 3Tnx cncTeM. (l>ynKn,Ha pacnpe- 
flejienna Uk BbinncjiaeTca h3 cooTnomenna: 

rifc = (42) 

r^e 0fe aBJiaeTca pemenneM ypannenna: 

e{k) + U{k) / g{(p)d(p = n. (43) 
Jo 

Hpe^nojiaraa, hto £(k) ne aanncHT ot n ynnTbiBaa BKJia^ xHMHHecKoro noTencnajia /x, oiKH^a- 
eMoe ananenne aneprnn ochobhoto cocToanna ^(k) — {H — IjlN)g, onpe^ejiaeTca BbipajKenneM: 

m = kdk[{e{k) - ii)<t>k + U{k) d<f>J^^'' g{<f>')d<l>'], (44) 

rfle kc — HMnyjibc, cooTBeTCTByioni;HH o6pe3aHHio noTeHn;Hajia BsanMOflencTBHa npn Majibix r. 
XoTa sneprna ochobhofo cocToanna OflnoanaHHO onpe;i;ejiaeTca 0^, ona chjibho BbipojK^ena 
H3-3a Sojibmoro nncjia BapnanTOB yrjiOBbix ^yr 0^ jiJia KajK^oro k. 

PaccMOTpHM necKOJibKO npHMepoB ncnojibsoBanna MO^ejinbix 4)ynKn,HH g{(f)) fl^Jin Bbinncjie- 
nna pacnpeflejiennii n^, cnnTaa Uk nocToannon Bejinnnnon U. 
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1. 



(^2 _ 02)1/2 < < TT 

^ \2\l/2 TT < (f) < 2n 



(45) 



(7r2-(27r- 0)2)1/2 

BaaHMOfleflcTBHe HivieeT HHTerpHpyeMyio CHHryjiapnocTb npn (j) = re, cjie;i;cTBHeM KOTopofi aB- 
jiaeTca to, hto KacaTejibHaa k Uk npn = 1/2 — ropnaoHTajibHa. OyHKi^na Uk HMeeT hsjiom 
B TO^Kax ki H ko, CM. Phc. El 



1 — -^sin— — jj^^^ npH ki < k < ki/2 
1 „„-^At - e{k) 



U 



npn A;i/2 < k < ko 



(46) 




0.25 0.5 0.75 1 1.26 1.6 1.75 
k 



Phc. 8: <l>yHKii;Ha pacnpe;i;ejieHHa ochobhoto cocToaHHa rik npn g{(j)) = 

(7r2-02)-i/2 H [/ = 1/2 



2. 



c/(0) = sm(-), 



(47) 



<l>yHKn,Ha tt.^ onaTb hmcct hsjiom b TOHKax ki n ko. HpH rik = 1/2 BTopaa npoHSBO^Haa MenacT 
3HaK, Uk HMecT TOHKy nepernGa. cm. Phc. [9l 



nk 



1 — j^arccos 



TT 



arccosi 



2jj npn ki < k < ki/2 

1 - ^ 2U^^ ^ ^1/2 < k < ko 



(48) 



3. B 3T0M npHMcpe £(/c) = k'^/{2m). Hpn o" — > 4)yHKn,Ha pacnpe^ejienHa nk hmcct flee 
nccB^o 4)epMH-noBepxHOCTH. 3to mojkho naSjiiOflaTb na Phc. [IO]flJia HaHMCHbHiero SHaneHHa 
o = 7r/512. 



1 



9i(l>) = —TH(^XP[ 



vr - 



(49) 
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0.6 




0.4 
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0.25 0.5 0.75 1 1.25 1.5 
k 



Phc. 9: OyHKitHH pacnpe^ejienHH ochobhofo coctohhhh Uk npn 5f(0) = sm(0/2) h U = 1/8 
OyHKi^na (f)k MOJKeT Smtb onpe;i;ejieHa h3 ypaBHeHna fl49l) . a saTeivi rifc h3 (l42l) : 



(2m[/i-^er/(^L^,f)]) npH c/>, < tt 
(2m[/i-^er/(0,|)- W(0,^^)]) npn 0, > tt ' 



(50) 




0,25 0.5 0.75 1 1,25 1.5 
k 



Phc. 10: <l>yHKii;Ha pacnpe;i;ejieHHa ocHOBHoro cocToaHHa npn g{(f)) = {l/an^^'^)exp[{n 
(py/a^] = 1/2, npH ai = 7r/512, aa = vr/S, = vr/4, = tt/2 



3.1.3. ToHHO pemaeMaa MO^ejib OK npn MarHHTHOM BsaHMOfleiicTBHH 
Mexcfly cJjepMHOHaMH. 

PaccMOTpHM TO^HO pemaeMyio MO^ejib ^jia pacneTa 4)yHKn,HH pacnpe^ejienHa KBasH^acTHu, 
^ByxMepHoii (J)epMH-CHCTeMbi b ochobhohom cocToanHH b paMKax (J)yHKn,HOHajibHoro no^xo^a, 
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npe;i;jiojKeHHyio ^.B. XBemeHKO, P. XjiioSHHa h T.M. PaiicoM ([50]). PaccMOTpnivi (J)yHKii;HOHaji 
3HeprHH: 

E[np]= j e{p)npd'^p+^ J f{p,p)npnp^(fpd^p, (51) 

rfle e{p) — oflHOHacTHHHbiH cneKTp HeBsaHMOfleiicTByioinHx (J)epMHOHOB, np — hx (J)yHKii;H5i 
pacnpe;i;ejieHHa, f{p,p ) — aMnjiHTy;i;a B3aHMo;i;eHCTBH5i JlaH;i;ay h — oGteM CHCTeivibi. 3jieK- 
TpoHHoe pacnpe^ejieHHe naxoflHTCH h3 ycjiOBHa SKCTpeMyMa: 

npH ^onojiHHTejibHOM orpaHHHeHHH < Up < 1. OcHOBnaa H^ea HcnojibsyeMoii mo^gjih coctoht 
B TOM, ^To6bi onHcaTb BsaHMO^eHCTBHe Memjiy (J)epMHOHaMH c noMombio MarHHTHbix (Aivine- 

POBCKHX) CHJI, KOTOpbie flGHCTByiOT MGiK^^y TOKaMH SJIGRTpHHeCKHX 3ap5i;i;OB. He OCTaHaBJIH- 

Baacb Ha o6ocHOBaHHH ;i;eTajieH MOflejiH, BbipasHM aMnjiHTy;i;y BsaHMOfleiicTBHa f{p,p ) nepea 
„3KpaHHpoBaHHyio" BepniHHHyio 4)yHKii;Hio, onncbiBaiomyio tokobog B3aHMo;i;eHCTBHe sjieKTpo- 
hob: 

(pq)(p'q) 



/(p,p ) = -r(p,p ;q) = -g ^ , (53) 

I P II P I 

3flecb q = p — p'. IloflCTaBjifla ( l53l) b (ISTi l h pemaa ypaBHenne f l52ll . fljia g > gc = Q/tc naxoflHM 



i—^ - IP,P 



Hp-. 



Hp 



^a+3p!. p,.^_^<p<p,.A . (54) 

npH p > P2 = ■^Y= 
v3 



3;i;ecb Po = pf / ^S^^ q-. Ha Phc. [TT] npe^cxaBJieH rpacJjHK nojiyneHHOH 4)yHKii;HH pac- 

y 4 + In 

npe;i;ejieHHa Hp. 



3.1.4. ToMHO pemaeMaa Mo^ejib OK b paMKax Mo^ejin Xa66ap/i,a. 

Hay^eHHe chjibho KoppejinpoBannbix BJieKTpoHHbix CHCTeM c noMombio mo^gjih XaSSap^a 
HMeeT flojiryio ncTopnio h SHaHHTejibHbie ycnexn |56]. HosTOMy nojiyneHHe xapaKTepncTHK OK 
cocTOSHHa B paMKax Mo;i;ejiH Xa55apfla npe^CTaBJiaeT SHaHHTejibHbiH HHTepec. 3Ta aaflana 6bi- 
jia B npHHii;Hne pemena b paSoTe B.K). Hpxnna, A. A. KaTaHnna h M.H. Kaii;HejibcoHa [57] fljia 
flByxMepnoii CHCTeMbi. OcHOBnaa H^ea BbinojinenHbix pac^eTOB coctoht b yncTe pemaiomeH 
pojiH CHHryjiapHOCTeii Ban XoBa (CBX) h saxBaTa hmh OepMH noBepxnocTH. PaccMOTpenHC 
BCJiocb B paMKax peHopMorpynnoBoro (PF) noflxo^a. 

CiapTyeM c t — t mo^cjih Xa66ap;i;a na ;i;ByxMepHOH pemexKe c FaMHJibTOHHaHOM: 

^ = 5Z ^kct^^ka + ni^riii, (55) 

fc i 
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n(p) 








p, Pp P 



Phc. 11: <l>yHKn,Hfl pacnpe^ejieHHs n^, nojiy^eHHaa b paMKax (J)yHKn,HOHajibHoro no^xo^a ^jih 

IP7PJ Z2 

flByxMepHoro BsaHMOfleflcTBHa /(p,p ) = g j n — r-f 

I P II P I 



r^e c^^, Cka — OepMHCBCKHe onepaTopbi poK^enHH h yHHHTO>KeHHfl sjieKTpona co cnHHOM a 
(a =1, 1) Ha fc-TOM ysjie pemeTKH, U — BejiHHHna KyjiOHOBCKoro OTTajiKHBaHHH na ysjie, riicr = 
cf^Cicr — onepaTop hjiothocth sjigrtpohob na i-u ysjie co cnHHOM a. By^eM HcnojibsoBaTb 
Mo;i;ejibHbiH o;i;H03JieKTpoHHbiH cneKTp Ek BH;i;a: 

Ek = —2t{coskx + cosky) — At {coskxcosky + 1) — /i. (56) 

OrpaHHHHMca paccMOTpenneM, flonnpoBaHHofl flbipKaiviH, CHCTeivibi, Kor^a t, t' — onepaTopbi 
nepecKaKHBaHHfl y^OBjieTBopaiOT cjie^yiomHM ycjiOBHHM: i:>0,t' <OHO<|t' | /t < 1/2. 
J\jiii npoH3BOJibHoro 3Ha^eHHfl t /t cneKTp f l56p coflepjKHT CHHryjiapnocTH Ban XoBa, CBHsan- 
Hbie c TO^KaMH A = (vr, 0) h 5(0, vr). XHMHHecKHH noTeHn,Haji /i, b ^anHOM cjiy^ae, Sy^eT 
cjiy>KHTb MepoH sneprKTHHecKoro paccToanHa MejK^y CHHryjiapnocTbio Ban XoBa h BHeprneH 
OepMH. HpH /i = (CBX) jiejKHT na (PepMH noBepxHOCTH. He ocTaHaBJiHBaacb na ;i;eTa- 
jiax Bbi^HCJieHHH, onHcaHHbix B opHrHHajibHOH paSoTe [57| . npHBe^eM ee ochobhoh peayjibTaT, 
a HMGHHO ynjiomenne o^HOSJieKTpoHHoro cneKipa b o6jiacTH OepMH noBepxHOCTH. Ha Phc. 
[TT] npHBe^CHbi rpa(J)HKH o^HOSJieKTpoHHbix sneprHH paccMOTpeHHoii MO^ejibHoii CHCTCMbi ^jia 
Tpex 3HaHeHHH penopMajiHSOBaHHoro xHMHHecKoro noTeHii;Hajia fl {p, = 0, — 0.2t, —OAt). Mojk- 

HO OTMCTHTb, HTO HO MCpC npHSjIHJKeHHa CHHryjiapHOCTH BaH XOBa K OepMH nOBCpXHOCTH 

/i — >■ oSjiacTb njiaTO yBCJiH^HBacTca b fc-npocTpancTBe. HaSjno^aeiviaa KapTHna Bnojine coot- 

BCTCTByCT (|)epMH-KOHfleHCaTHOMy COCTOaHHK) CHCTCMbl CHJIbHO KOppCJIHpOBaHHblX SJICRTpOHOB. 



3.1.5. PacneT c})epMH-CHCTeMbi c OK b paMKax npocTefimero (J)yHKii;H- 
OHajia JIaHflay. 

BcKope nocjie noaBjiCHHa ocnoBonojiaraiomeH pa6oTbi B. Xo^ejia h B. IIIarHHaHa |23| . 
onHCbiBaromeii 4)epMH-KOHeHcaTHoe cocToanHe (|)epMH->KHflKOCTH b paMKax (J)yHKn,HOHajibHoro 
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ek/(2t) 





// / ■ 

/%4=-0.2t 




_^_^/y*--ii=-0.4t 

ky ■ 



-1 -0.5 0.5 1 



Phc. 12: ^HcnepcHa KBasHHacTHii; fljia t'/t = —0.3 h f/ = 4t, nojiyneHHaa b paMKax mo^gjih 
Xa55ap;],a c HcnojibaoBaHHeM tgxhhkh (PF) npeoSpaaoBanHii. BejiH^Hna peHopMajiH30BaHHoro 
xHMH^ecKoro noTeHn,Hajia Ji npHHHMajia SHaneHHa [jl = 0, —0.2/!:, — 0.4t) 

noflxo^a, O. HosbepoM Sbiji npoBe^en anajiHS BToro aBjieHHa c HcnojibsoBaHHeM npocTeiimero 
(J)yHKn,HOHajia Jlan^ay |69) . 

PaccMOTpHM 3HeprHio ocHOBHoro cocTOflHHa (J)epMH->KH^KOCTH KaK (J)yHKn,HOHaji pacnpe^e- 
jienna KBasHHacTHii; n^: 

E[nk] ~ fiN = ^{^k - + ^ ^fcfc'^-fe^' . (57) 

r^e ^fc — KHHeTHHecKafl sneprHH, /i — xHMH^ecKHii noTeHn,Haji. V^^'d k — k |) — onepaTop 
sneprHH BsaHMOfleficTBHa KBasHHacTHii;, xapaKTepnayeTca bh^om saBHCHMOCTH ot a = (| k— k | 

) H CHJIOH BSaHMOfleiiCTBHa. CnJiy B3aHMO;i;eHCTBH5I MOJKHO OIi;eHHTb C nOMOmblO BejIHHHHbl U 



^ = 2^ ^fcfc'(a),<7=(|k-k'|)> (58) 
k' 

KOTopaa HMeeT cmmcji sneprnH BaaHMO^eiicTBHa npn nyjieBOM paccToaHHH MejK^iy HacTHii;aMH. 
06biHH0 npH L'^ > ^acTHn,bi OTTajiKHBaiOTca, a npn U < — npHTarHBaiOTca. Otmgthm, 
^TO npH Vj^f^' = V = const paccMaTpHBaeMaa MO^ejib CBO^HTca k MO^ejiH XaSGap^a. SneprHa 
KBasHHacTHu, Ek JierKO Bbipa>KaeTca h3 ( l57l l 



ek = = {^k-f^) + Yl ^f^k'^k' , (59) 

k' 

He CTpeiviacb npeflCTaBHTb 3;i;ecb Bce peayjibTaTbi, KOTopbie mojkho nojiy^HTb b paMKax pac- 
CMaTpHBaeMoro no^xo^a, orpaHHHHMca tojibko KaHecTBeHHbiM aHajinaoM, ;i;eMOHCTpHpyioiii;HM 
cymecTBOBaHHe (|)epMH-KOHfleHcaTHoro cocToaHna. AnajiHa ypaBHennH (l57l) . (l59l) b saBHCHMO- 
CTH OT BejiH^HHbi (T Ha^HGM c paccMOTpGHHa npe^ejibHbix cjiy^aeB. Ecjih a — > oo (KOHTaKTHoe 
BsaHMO^eHCTBHe) , TO BHeprna BsaHMO^eiicTBHa Vj^f^'Uj^' pasna KOHCTanTe VN, KOTopaa mokgt 
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SbiTb BKJiiOHeHa B cocTaB xHMHHecKoro noTeHii;Hajia. 3to CHTyaii;Ha cooTBeTCTByioinaa noBe^e- 
HHK) (J)epMH-ra3a. B npoTHBonojiojKHOM cjiynae, Kor;i;a a — 0, ho a 7^ (;i;ajibHo;i;eHCTByioiii;ee 
B3aHMo;];eHCTBHe) , ypaBneHna (l57ll . (l59l) CBO^aTca k BH^y: 

\ Ek = - fJ' + Urik 

SneprHfl ocHOBHoro cocTOSHHa CHCTeMbi cymecTBGHHO aasHCHT ot snaKa BejiH^HHbi t/. Kor^a 




Phc. 13: Sneprna ochobhofo cocToaHHa CHCTeMbi KaK 4)yHKn,Ha ^Jia BsaHMO^eHCTBHa c 

U < (jieBaa nanejib, Phc. [13]), sneprna MHHHMajibna npn flbyx SHaneHHax n^: jih6o npn 
Hk = 0, jihSo npH Hk = 1. B 9T0M cjiy^ae hmcgt mgcto (J)a30BbiH nepexo;; nepBoro po^a 
npH HeKOTopoM 3Ha^eHHH k = kp- Eiviy cooTBeTCTByeT CTynen^aToe pacnpe^ejienHe OepMH. B 
npoTHBonojioJKHOM cjiy^ae, U > (npaBaa nanejib, Phc. [13]), MHHHMyM sneprHH ;],0CTHraeTca 
npH HCKOTopoM npoMCiKyTOHHOM pacnpeflejieHHH n^, b orpaHH^eHHOH o5jiacTH HaMeneHHa k, 
ki < k < k2. <l>epMH-CTyneHbKa pasMasbiBaeTca npn T = 0. PeayjibTaT HivieeT cjieflyiomnfi bh^i;: 

{1 npn k < ki 
£fe = npH ki<k<k2 , (61) 
npH k > k2 

r^e ki H k2 cooTBCTCTByiOT SHaneHHaM ^fc, fljia KOTopbix Uk paBHO 1 h 0. FpacJ^H^ecKH aaBHCH- 
MOCTb Hk B Bbipa>KeHHH (161^ BbiFjia^HT npHMcpHO TaK, KaK H3o5pa>KeHO Ha Phc. [TJ HcMHoro 
flpyraa HHTepnpeTan;Ha ypaBnenHH ([60]) . no3BOJiaioin;aa nonaTb noBeflCHHe sneprHH KBasHna- 
cthh;, MOJKeT 5biTb nojiyHena h3 Phc. [TU Ha hcm HaoSpajKCHbi SHeprnn KBasHHacTHn; 6^ + /i b 
BH;i;e flByx BCTBen, o;i;Ha h3 KOTopbix cooTBCTCTByeT = a flpyraa = 1. >KHpHbie jihhhh 
cooTBCTCTByiOT cocToaHHaM, KOTopbie peajiH3yiOTca npn T = 0. Kor^a U < MCJK^y ki h k2 
cymecTByiOT ^Ba pemcHHa, o^ho h3 KOTopbix peajiH3yeTca, TaK KaK MHHHMH3HpyeT sneprHio 
CHCTCMbi. Hepexofl ot oflHoro pemcHHa ko BTopoMy npoHCxo^HT CKanKOM b hckotopoh toh- 
Ke kp. Korfla U > MejK;i;y ki h k2 hct pemeHHH cooTBCTCTByiomnx hh = 0, hh = 1, 
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Phc. 14: Sneprna ocHOBHoro cocTOHHHa CHCTeMbi kbk 4)yHKn,Ha Uk flJia BsaHMO^eHCTBHa c 

nosTOMy Mbi BbiHyjK^eHbi HCKaTb pemenHH b stoh oSjiacTH, cooTBeTCTByiomHe neKOTopbiM npo- 
MejKyTO^HbiM nfc. PemenHe HMeeT bh^ njiaTO npn 5^ = 0. 

HpoBefleHHoe paccMOTpeHne xoTa h Becbivia narjia^^HO, ho TpeSyeT neKOTopoii aKKypaTHOCTH 
b noHHMaHHH oSjiacTH ero cnpaBefljiHBOCTH. HocKOJibKy npe;i;eji cr = (J)H3HHecKH nepeajin- 
3yeM, TO cjie^yeT ynnTbiBaTb, hto peajibHO npe^CTaBjiaeT HHTepec CHTyan,Ha, Kor^a a << pp, 
TO ecTb Kor^a pe^b h^gt o BsaHMO^eiicTBHax, npHBO^amnx k MajibiM HaMeneHHaM aivrayjib- 
COB. C flpyroH CTopoHbi a flOJi>KHO SbiTb MHoro 6ojibme pacmenjienHa ypoBneii b HMnyjibcnoM 
npocTpancTBe oc ^pyrHMH cjiOBaMH, cyMMHpoBaHne b (l58l) flOJiJKHO npoBo;i;HTbca no flo- 

CTaTOMHO 6ojibmoMy Ha6opy cocToanHii k fljia Toro, htoSm TonnocTb ycpeflHenna Uk 6biJia 

flOCTaTOHHO BblCOKOH. HpH 3T0M (T flOJIJKHa 6bITb flOCTaTOHHO MajIOH, HT06bI B GG npeflGJiaX 71^ 

MGHajiacb cjiaSo. 

C yHGTOM BbimecKaaaHHoro, cymecTBennbiM aBjiaeTca to, hto b paMKax flanHoro no^xo- 

fla K OnHCaHHK) (|)HpMH-CHCTeM 4)epMH-K0HfleHCaTH0e COCTOaHHe B03HHKaeT KaK eCTeCTBGHHOe 

cjieflCTBHe H3 ypaBHeHHH, onncbiBaiomnx sto cocToanne. 

3.2. HHCJieHHbie pacHexbi. 

HncjieHHbie pacMexbi napaMexpoB CHCxeM, HcnbiTbiBaioinHx OKKOH, h3 nepBbix npHHii;H- 
noB, a TaKJKe na ochobg MO^ejibHbix npe^CTaBJieHHii BOSMOJKHbi h ;i;eMOHCTpHpyiOT KanecxBeHHO 
nenjioxHe peayjibTaTbi, o^naKO ax npaMeneHHe CBaaano c HeoGxo^HMOCTbio acnojibsoBaTb ana- 
HHTejibHbie BbiaacjiHTejibHbie pecypcbi. 

3.2.1. PacneT xapaKxepncTHK cJjepMH-KOHfleHcaTHoro cocToaHHa h3 
nepBbix npHHii,HnoB. 

B ocHOBy pacHGTOB o;i;HOHacTHHHbix SHeprHH ajieKxponoB 2D CHCTeivibi, onncanHbix b paSoxe 
M.H. SBepeBa [25], nojiojKena MHKpocKonHnecKaa nepBonpHHii;HnHaa Teopna (J)epMH-CHCTeM, 
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pasBHTaa B.A. Xo^ejieM h B.P. IIIarHHaHOM [24]. He nsjiaraa 3;i;ecb btoh tgophh, c4)opMyjiH- 
pyeM ee ocHOBHbie peayjibTaTbi, nojiojKeHHbie b ocHOBy BbiHHCJiHTejibHbix ajiropHTMOB. 

PaccMaTpHBaeTca 2D sjieKTpoHHbiii raa b Mo;i;ejiH „jKejie" c noTeHii;HajiOM napnoro Bsan- 
MO^eiicTBHa V{q) = 27rg/q, r^e q — HMnyjibc, g — KOHCTanTa cnapHBanHa {gmax = 6^)56 — 
aapafl sjieKTpona. CTenenb paapeaceHHOCTH stoh CHCTeMbi onpe^ejiaeTca SHaneHHeM napaivieTpa 
3eHTn,a Vg = \/2Me^ /pp. Ho onpe^ejienHio o^HO^acTH^Hbiii cneKTp bjigrtpohob onncBiBaeTCfl 
cooHomeHHeM: 

'^^^ = J^y ('2) 

H3 KOToporo B paMKax paccMaTpHBaeMOH TeopHH nojiyneHO paBencTBo: 

2 

e{p) = ^ + e,{p)+e2{p). (63) 
B BbipajKeHHH (l63ll Si{p) h S2{p) onncbiBaiOTca cooTHomeHnaMH: 

1 [ (fq e2 1 r\ [ (Pq du ^ . ^. ,5xo(q,tu) 



^i(p) 



2 J 27r I p - q I 2 



f d^q f°° du 2/ /xo(q,^) i 



-(^)-^r^^/sr>f^^^-^^^' ^^^^ 

3fleCb C<j) = [1— _R(g)xo(Q', ^)] \ -R(Q') ^ 4)yHKn,HH 3(J)(J)eKTHBHOrO BSaHMOfleilCTBHfl, Xoily ^) 

— 4)yHKn,HH OTKjiHKa HeB3aHMo;],eHCTByiomeH CHCTeMbi, Co") — (|)yHKn,Ha OTKjiHKa chctcmm 
CO BaaHMOfleHCTBHCM. He ocTaHaBjiHBaacb na TexHHnecKHx cjiojkhocthx, CBHsanHbix c bm^hcjic- 
HHCM R{q), XoiQ}^), x{Q}^) h hx BapHaii;HOHHbix npoH3Bo;i;Hbix, npHBe;i;eM peayjibTaTbi pacne- 

TOB. OtMCTHM, HTO KaK H B JlloSblX HHCJieHHblX BblHHCJieHHJIX, BbinOJIHeHHblX " ab inicio" , OHH 

TpeSyiOT SojibniHx BbiHHCJiHTCJibHbix pecypcoB. HanpHMep, pemenHe ^aHHoii aaflann noTpeSo- 
Bajio HcnojibsoBaHHa pacnpe^ejiennbix BbiHHCJieHHH na 600 npon,eccopax. Ha Phc. llSlnpHBCiieH 
rpa(J)HK o^Ho^acTH^HOH BHcprHH KBasHHacTHu, e{p) B 2D (jDepMH-CHCTCMe fljiH pa^Hyca 3eHTn,a 
r., = 7. 



3.2.2. MoflejibHbie pacneTBi napaMexpoB cJ)epMH-CHCTeMi>i c <1>K. 

noBe;i;eHHe 4)epMH-CHCTeMbi, coBepmaioineH OKKOH, c noMombio HHCJieHHbix BbinncjieHHii, 
HcnojibsyiomHx MO^ejibHbiH 4)yHKn,H0Haji Jlan^ay [24l [67] 

,2 



(ipi(ip2 , . 

X n(pi)n(p2)-^^^, (66) 

HCCJieflOBano K. HonoBbiM h B. IIIarHHaHOM [26l[27]. B BbipajKennH (l66l) V^(pi — P2) — 
THBHbiii noTeHii;Haji flByxnacTHHRoro BaaHMO^eiicTBHa. Otmcthm, hto ;i;aHHbiH bh^ 4)yHKii;H0- 
Hajia aBJiacTca Jinnib nepBbiM npHSjiHJKeHHeM jiflu sneprHH CHCTCMbi, y;i;o6HbiM fljia anajiHsa 
CHCTCM B paMKax TO^HO pemacMbix MO^ejien hjih ^HCJiennbix pacHCTOB. CymecTBCHHO, ^to 
Hcnojib30BaHHe SToro 4)yHKn,H0Hajia bo3mo>kho tojibko ^Jia Hsy^CHHa 3(J)(J)eKT0B, CBaaannbix 
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w 0,1 ■ 



0,0- 



-0,1 ■ 



0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 
P/Pp 



Phc. 15: O^HO^acTH^Haa aneprHa KBasH^acTHu, e{p) b 2D (J)epMH-CHCTeMe ^jih pa^nyca 3eHTn,a 
r., = 7. 



c KanajiOM BsaHMOfleiicTBHa HacTHu, h ^tipoK b OKpecTHOCTH tohkh 4)a30Boro nepexo;i;a, h hg 
MOKGT 5biTb Hcnojib30BaH fljiH nojiy^eHHfl xapaKTepHCTHK Kanajia BsaHMO^eHCTBHa HacTHn,a- 
^acTHn,a, nanpHiviep, ^,Jl5l Bbi^HCJienHa cnapHBaTejibHbix chji |24| . 

HoflCTaBJiaa (l66l) b (l2|), nojiynaeM BbipajKeHne fljia sneprnH KBasHHacTHii;: 



(67) 



noflSnpaa pasjiHHHbie (|)opMbi noTeHn,Hajia V^(pi — P2), mo>kho peajinaoBaTb n,ejibiH pa^ bm- 
^HCJiHTejibHbix ajiropHTMOB fljifl HHCJieHHoro pemeHHH npo5jieMbi. 

EcjiH Bocnojib30BaTbca cooTHomeHHeM ((Tl), CBHSbiBaiomHM n(p, T) h e{p,T), 



n{p,T) = < 1 + exp 



(e(p,r)-/i) 
T 



H y^ecTb, HTO ypaBHenne (16711 HyjKHO pemaTb c yMCTOM ycjiOBna HopMHpoBKH, KOTopoe ^aK- 
TH^ecKH cjiy>KHT ypaBHeHHeM ^jia onpe^ejienHH xHMHHecKoro noTeHn,Hajia /x: 



P 



n(p) 



dp 

(2^ 



(68) 



rfle p njiOTHOCTb CHCTeMbi, to ypabneHHa (l67l) . (l7|, (l68ll oSpaayiOT 3aMKHyTyio CHCTeMy, no3- 
BOJiaiomyio flJiH Bbi^HCJieHHH n(p,T), £:(p, T) h /i peajiHSOBaTb HTepan,HOHHbiH npon,ecc. 

B KanecTBe npHMepa, paccMOTpHM noTeHn,Haji BsaHMO^eHCTBHH KBasHHacTHu,, HanoMnnaio- 
in;HH noTeHii;Haji lOKaBbi: 



y(p-pO 



9o 



V(p-Pi)' + 



7o 



7o^ 



(69) 
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Sflecb go — nocToaHHaa cnapHBanHa, f3o — KOHCTanTa B3aHMo;i;eHCTBH5i, 70 — flncnepcHOHHaa 
KOHCTaHTa. 3to ;i;oBOJibHO oSmHH BH^i; noTeHii;Hajia, noaBOJiaiomHH aa chgt HSMeneHHa napaMeT- 
poB go, l3o n 7o MOflejinpoBaTb pasjiHHHbie npHHi^HnnajibHO BajKHbie nacTHbie B3aHMo;i;eHCTBHa. 
HanpHMep, npn 70 = 0, go/ {^PIti'^) = const vi Po ^ 00 nojiy^aeM: 



y(p-pi) = (27r)3V5(p-pO 



(70) 



3flecb V — nocTOHHHaa, KOTopbiH cooTBeTCTByeT orpaHH^eHHOMy ^ajiBHO^eHCTByiomeMy Bsan- 
MO^eiicTBHio B KOop^HHaTHOM npocTpaHCTBG. B 3T0M cjiy^ae MO^ejib flonycKaeT tohhog peme- 
HHe [69ll24| H 6biJia paccMOTpena panee b pa3;i;ejie . Hpn 70 = h /3o = nojiynaeivi noTeHii;Haji: 



Vip - pi 



90 



P - Pi 



(71) 



TaKJKe paccMOTpeHHbiii b paa^ejie , ^onycKaiomHii tohhog anajiHTH^ecKoe pemenHe [24] h co- 

OTBGTCTByiOmHH flBH>KeHHIO KBaSH^aCTHU, B KOOpflHHan,HOHHOM npOCTpaHCTBG BOfl BJIHaHHCM 

BHemnero KBaanynpyroro nojia Ve{r) = (l/(2M))r^ h BsaHMO^eHCTByiomHx ^pyr c ^pyroM 
nocpe;i;cTBOM KyjiOHOBCKoro noTennHajia: 



1 



(72) 



I r — ri I 

IIpeHMyinecTBOM noTeHii;Hajia (l69l) aBJiaeTca to, hto npn noflCTanoBKe ero b ypaBneHne (l67l) . 
HHTerpaji b npaBoii nacTH nocjie^nero mo>kho npoHHTerpHpoBaTb no yrjiOBbiM nepeMennbiM. 
Bbinojinaa HHTerpnpoBaHHe no yrjiOBbiM nepeMennbiM b (167p n (1681) . a TaKJKe nepexo^a k 
SespasMepHbiM nepeMenHbiM: 



2M , ^, . ^.2M 2M Svr^ 

p Pf, T = T^-,e{z, T) = e{p, T)^-, /i = fi^-, p = 

Pf Pf Pf Pf 



(73) 



n BBOfla SeapasMepnbie napaMeipbi: 



P = PoPf, 7 = 7oPf, g 



9oM 
27r2 



(74) 



a^ecb Pf — HMnyjibc OepMH, M — rojiaa Macca 4)epMHona, nojiynaeM na ( l67ll . ( l68ll pe- 
Kypeninbie cooTnomenna, nojioJKennbie b ocnony HTepan,Honnoro npon,ecca ^Jia Bbinncjienna 

n{z, T), e{z, T) n 

'{ek{z,T) - /ifc)" 



nk{z,T) 



1 + exp 
3 



Pk 



T 

nk{z, T)z^dz, 



(75) 
(76) 



ek+i{z,T) = z^ + — 



exp 



exp(-/?v^(2; + zi)2 + 72) nk{zi,T)zidzi. 

(77) 
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npe;i;jiojKeHHbiH ajiropHTM KaK npasHJio xopomo cxo;i;HTca, nosBOJiaa flOCTHraTb pa3HHii;bi bm- 
HHCJieHHa ycjiOBHa HopMHpoBKH (l76ll Ha flByx coceflHHx marax HTepaii;HH b HHTepBajie Teivine- 
paTyp [1, 10~^] He xyjKe 10~^. HojiyHeHHaa 4)yHKn;Ha n{z,T) HCHOJibsoBajiacb ^Jia BbiHHCJienHa 
SHTponHH S(T) 



SiT) = J H^, T) \xi{n{z, T)) + (1 - n{z, T)) ln(l - n{z, T))]z^dz, 

34)4)eKTHBHOH Maccbi M* (T) 



(78) 



M*(T) = 3^, (79) 

H flpyrnx TepMO^HnaMH^ecKHx h KHneTHnecKHx xapaKTepncTH CHCTeMbi. 

OKKOri npoHCxoflHT, Kor^a napaivieTpbi noTeHn,Hajia BsaHMO^eHCTBHa f l74p ^ocTHraiOT Kpn- 

TH^eCKHX 3HaHeHHH 

P = Pc,7 = 7c,9 = 9c- (80) 

C flpyroH CTopoHbi, OKKOH nivieeT mgcto, Kor;i;a 3(J)(J)eKTHBHaa Macca M* — > oo. 3to ycjiOBne 
no3BOJiaeT fljia jiio5oh napbi napaivieTpoB (l80l) no^oSpaTb tpcthh TaK, hto npn T = CHCTeivia 
nona^aeT b KpHTHHecKyio TOHKy OKKOH. /Jjia cjiy^aa 7 = mojkho anajiHTHHecKH nojiynHTb 
BbipajKeHHe, CBasbiBaiomee be h gc [24l I67|: 

(1 + b,) exp(-6e)[&cCosh(6e) - sinh(6,)] = 1. (81) 
Ha pHcyHKe (fTBl) npHBeflen rpa(|)HK (i)yHKii;HH (ISTll . HJiJiiocTpHpyiomHH xapaKTep aaBHCHMOCTH 

9c OT be 




Phc. 16: OaaoBaa ^narpaMMa gc — /3c, paa^ejiaiomafl neynopa^o^eHHoe cocToanHe CHCTeMbi 
OKKOn H ynopaflO^eHHoe cocToanHe CHCTeMbi nocjie OKKOH 

B KanecTBe npHMepa, fleMOHCTpnpyioinero ;i;ocTHJKeHHe CHCTeMofl KpHTH^ecKOH tohkh 4)epMH- 
KOHflencaTHoro KBaHTOBoro 4)a30Boro nepexo;i;a, paccMOTpHM peayjibTaTbi BbiHHCJieHHH ji^jisi 
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7 = 0, /3 = 3h5' = 6.7167... npn T ^ 0. Ha pncyHKe (fTTj) H3o6pa>KeHO ceMeficTBO o;i;HOHa- 
CTHHHbix 3HeprHH KBasHHacTHii; (jDepMH-CHCTeMbi e{z, T) fljia CTpeMameiica k nyjiio nocjie^noBa- 
TejibHOCTH 3HaHeHHH TeMnepaTypbi. Ha5jiio,ii;aeTC5i (J)opHpoBaHHe njiocKoro ynacTKa cneKTpa b 
OKpecTHOCTH OepMH-noBepxHOCTH z = 0. Ha pHcyHKe (11 8p H3o5pa>KeHO ceMeiicTBO (J)yHKn,HH 




Phc. 17: O^HOHacTH^Haa sneprHH KBasHHacTHu, e{z,T) ^jih aHa^enHH 6e3pa3MepHoii TeMnepa- 
Typbi B HHTepBajie ot 0.1 flo 10~^. 

pacnpe^ejieHHfl (nHceji 3anojiHeHHa) KBa3HnacTHn, (|)epMH-CHCTeMbi T) ^Jia, CTpeMameiica 
K HyjiK), nocjie^OBaTejiBHOCTH 3HaHeHHH TeMnepaTypbi, cooTBeTCTByiomee sneprnaM na pncyn- 
Ke (fTTll . MojKHO 3aMeTHTb, hto (J)opMa (J)yHKii;HH pacnpe;i;ejieHHa ne CTpeMHTca k CTynenbKe 
npn T — > H HMeeT acHMMeTpHHHyio OTHOCHTejibno zp ^ 1 (|)opMy. 06jiacTb 3aHHMaeMaa 
(J)epMH-KOH;i;eHcaTHOH (J)a3oii b paMKax paccMaTpnBaeMoro npnMepa npH6jiH3HTejibHO pabna 
{zf — Zi) = 0.0012. Ha pncynxe ( fT9l ) H3o6pa>Keno ceMencTBO (|)ynKn,nH njiOTnocTH cocToa- 
nnn A^(^, T) b oSjiacTn (|)epMH-noBepxnocTn ^Jia, CTpeMameiica k nyjiio, nocjieflOBaTejibnocTH 
3HaHeHHH TeMnepaTypbi. Bh;i;ho, hto no Mepe npnSjiHJKeHHa cncTeMbi k KpnTHHecKon TOHKe 
OKKOH 4)opMa (|)yHKn;HH A^(^, T) CTpeMHTca k 5-(|)yHKn;HH. 
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Phc. 18: <l>yHKii;HH pacnpeflejieHHa KBasHHacTHii; n{z,T) ji^jisi SHaHeHHH GeapasMepnoH tgm- 
nepaTypbi b HHTepBajie ot 0.1 ;i;o 10~^. Ha BCTaBKe oSjiacTb 6biCTporo HSMeneHHa n{z,T) b 
yBejiHHeHHOM bh^g. 
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Phc. 19: OynKitHH njiOTHOcra cocToanHH N(^,T) ^jia ana^enHH SeapasMepnoH TeMnepaTypbi 
B HHTepBajie ot 0.1 10~^ (jieBaa nanejib). Ha npaBoii nanejiH o6jiacTb 6biCTporo HSMeHenHfl 
A'^(^, T) B yBejiHHeHHOM bh^g. 
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4. 063op 3KcnepnMeHTajibHbix 4)aKTOB, 
^OKa3biBaioiij;Hx cymecTBOBaHne 
(J)epMHOHHoro KOH^eHcaxa. 

B 3T0M pasflejie Sy^yT npHBeflenbi pasjiHMHbie 3KcnepHMeHTajibHbie CBH^eTejibCTBa, npa- 
Mo HjiH KOCBeHHO flOKasbiBaiomHe npaBOMepHOCTb cymecTBOBaHHfl KOHn,enn,HH 4)epMHOHHoro 
KOHflencaTa. PeayjiBTaT Ka>K;],oro SKcnepHMeHTa 6y^eT HHTepnpeTHpoBaTbca c no3Hn,HH pasBH- 
BaeMoii TeopHH (PKKOn. HapajiJiejibHO c (|)H3HHecKHMH SKcnepHMeHTaiviH j^jisi HJiJiiocTpaii;HH 
pasjiHHHbix nojiojKeHHii TeopHH OKKOH 6y;i;yT HcnojibsoBaTbca peayjibTaTbi MOflejibHbix kom- 

DblOTepHblX SKCnepHMGHTOB. 

4.1. IIoaBjieHHe OKKOII b cJ)epMH-CHCTeMax npn cxpeMjie- 

HHH njlOTHOCTH cJ)epMHOHOB K KpHTHHGCKOMy SHaHGHHK). 

B 3T0M paa^ejie mm paccMOTpHM noBe^enHe 34)4)eKTHBHOH Maccbi M* KaK (]3yHKn,HH hjiot- 

HOCTH CHCTeMbI X, KOrfla X xfc- 

3KcnepHMeHTajibHbie (|)aKTbi no ^ByMepnoiviy ^He bbicokoh hjiothocth |78[ [40l 179) noKa- 
3biBaiOT, HTO 3(|)(|)eKTHBHaa Macca pacxo^HTca, Kor;i;a ^ocTHraeTca hjiothoctb, npn KOTopoH 
2D jKHflKOCTb ^He HaHHHaeT saTBepfleBaTb |79| . ^ajiee, Ha5jiio;i;ajiocb pesKoe yBejinneHHe scj)- 
(J)eKTHBHOH Maccbi B MeTajiJiH^ecKOH 2D 3JieKTpoHHOH CHCTCMe npn yMenbinenHH hjiothocth 
X, Kor^a X CTpeMHTca k KpHTHnecKOH hjiothocth nepexo^a MeTajiJi-naojiaTop |41) . Otmgthm, 
HTO (J)eppoMarHHTHaa HeycTOHHHBOCTb OTcyTCTByeT b paccMaTpHBaeMbix 4)epMH-CHCTeMax, h 
cooTBGTCTByiOH^aa aMHJiHTy;i;a Jlan^ay Fq > — 1 [79], mto corjiacyeTca c MOflejibio hohth 

JI0KajIH30BaHHbIX (J)epMHOHOB |37| . 

PaCCMOTpHM paCXOflHMOCTb 3(J)(J)eKTHBH0H MaCCbl B 2D H TpeXMCpHOH (3D) BblCOKO KOp- 

pejiHpoBaHHoii 4)epMH-jKHflK0CTH npn T = 0, Kor^a hjiothoctb x HpH6jiH>KaeTca k OKKOH 

CO CTOpOHbl HOpMajIBHOH (J)epMH->KH^KOCTH JlaH^ay, T.e., CO CTOpOHbl HeyHOpa^OHeHHOH (J)a3bl. 

Cnanajia bmhhcjihm aaBHCHMOCTb M* KaK (J)yHKH;Hio pasHOCTH {x — xpc) b cjiynae 2D 4)epMH- 
jKHflKOCTH. ^Jia SToro BOCHOJibsycMca ypaBHCHHeM fljia M*, HOJiynenHbiM b |45| . r;i;e SbiJia 
Hpe;i;cKa3aHa pacxo^HMOCTb bc^dc^dckthbhoh Maccbi M*, CBaaaHnaa c BoanHKHOBCHHeM bojihbi 

HJIOTHOCTH B paSJIHHHblX 4)epMH->KHflK0CTaX. HpH X ^ XpC 34)4)eKTHBHaa MaCCa M* MO>KeT 
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SbiTb npnSjiHJKeHHO npeflCTaBJiena KaK 



1 90 

1 1 ^ 1 f f ydydg 



M* M Att^ J J J\ - 



-1 



X ^, ' , , ..,2 - (82) 



3;],ecb Mbi HcnojibsyeM oSosHaneHHe 'pp^'l{\ — y) = q{y), r^e q{y) — nepeflanHbiH HMnyjibc, 
v{q) — napHoe BaaHMOfleficTBHe, h HHTerpaji bsst no KOHCTanTe cb5I3h g ot nyjia ;i;o peajibHoli 
BejiHHHHbi go. B ypaBHeHHH (l82l) xol*?,!^) — JinneHHaa (i)yHKii;Ha OTKJiHKa HeBaaHMO^eiicTByio- 
mefi (|)epMH-jKHflKOCTH H -R(g, Col) — 34)4)eKTHBHoe BsaHMOflelicTBHe, o5e 4)yHKii;HH BsaTbi npn 
HyjieBOH nacTOTe, uu = 0. R m xo onpe^ejiaiOT jiHHeiiHyio (J)yHKn,Hio OTKjiHKa paccMaTpHBaeMoii 

CHCTeMbI 

X g, ^, g) = —, ^ — -, r. 83 

1 - R{q,uj,g)xo{q,^) 

B OKpeCTHOCTH HeyCTOHHHBOCTH, CBaSaHHOH C B03HHKH0BeHHeM BOJIHbl HJIOTHOCTH H npOHCXO- 

flamefi npn hjiothocth Xdw, CHHryjiapnaa nacTb (]3yHKii;HH OTKJiHKa x HMeeT H3BecTHyio (|)opMy 
(cm. HanpHMep [2]) 

X'^iq, ^, g) - aixcdw -x)+ b{q - q^f + c{gQ - g), (84) 

rfle a, b, c — KOHCTaHTbi, a gc — "^Pf — HMnyjibc bojikm njiOTHOCTH. Hocjie no;i;cTaHOBKH 
ypaBHeHHa f l84p b ypaBHCHHe f l82p h HHTerpnpoBaHHa, ypaBnenHe ^jih 3(J)(J)eKTHBH0H Maccbi 
M* MOJKeT 6biTb npe^CTaBjieno b cjie^yiomeH (J)opMe [391 138] 

lie 

(85) 



M*{x) M Vx-x,dJ 

r^e C — HCKOTopaa nojiOKHTejibnaa nocToaHnaa. Ha ypabneHHa (185p cjie^yeT, ^to M*{x) 
pacxo;i;HTca KaK 4)yHKii;Ha paanocTH (x — Xpc), h npn x —> Xpc 34)4)eKTHBHaa Macca M*{x) 
oo [391138]. 

M*(x) , B 

rfle Am B — KoncTaHTbi. Ha BbiBo;i;a ypaBHeHHH (l85l) h (l86l) aaMenaeivi, hto hx bh^i; ne saBHCHT ot 
BsaHMOfleiicTBHa v{q). Hocjieflnee, o^naKO, BJinaeT na BejiHHHHbi A, B n xpc- 3tot peayjibTaT 
Haxo^HTca B corjiacHH c ypaBHenneM f ll4p . KOTopoe onpe^ejiaeT tot »ce caMbift, HeaaBHCHMbiii 
OT B3aHMo;],eHCTBHa, yHHBepcajibHbiH THH pacxo;],HMOCTH. HosTOMy o5a 3THX ypaBHCHHa npH- 
MeHHMbi K 2D ^He, sjigrtpohhoh >kh;],kocth h flpyrHM (J)epMH->KHflKOCTaM. Ha ypaBHeHHH (I85p 
H (l86ll TaKJKe bh;i;ho, hto (PKKOH Hpe^mecTByeT 4)opMHpoBaHHio bojih hjiothocth (hjih aa- 
pa^IOBOH hjiothocth) b (|)epMH-CHCTeMax. Otmcthm, hto b o5ohx cjiynaax paanocTb {x — xpc) 

^lOJIiKHa SblTb HOJIOiKHTCJIbHOH, HOTOMy HTO HJIOTHOCTb X HpH5jIH»CaeTCa K XpCi KOFfla CHCTC- 

Ma HaxoflHTca na HeyHopa^OHeHHOH CTopone OKKOH c 34)4)eKTHBHOH Maccofi M*{x) > 0. B 
cjiy^ae '^He OKKOH hmcct mccto npn pocTC hjiothocth, Kor^a HOTeHn,HajibHaa Bneprna na- 
HHHacT BHOCHTb OHpe;i;ejiaioiH;HH BKJia^i; b BHeprnio ochobhofo cocToanna. TaKHM oSpaaoM, npn 
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paccMOTpeHHH 2D ^He »ch;i;kocth saMenaeM (x — xpc) na {xpc — x) b npaBoii nacTH ypaBHe- 
HHa (l86ll . KaK noKasbiBaeT SKcnepHivieHT, sc^Dc^DeKTHBHaa Macca fleficTBHTejibHO pacxo^HTca npn 
BbicoKHx njiOTHOCTax B cjiyHae 2D '^He h npn hh3khx njiOTHOCTax b cjiynae 2D sjieKTpoHHbix 
CHCTeM [m [79]. 

nOBe^eHHe 34)(J)eKTHBHOH MaCCbl KaK 4)yHKn,HH SJieKTpOHHOH njIOTHOCTH X b KpeMHHe- 

bom MOSFET annpoKCHMHpoBano npH noMomH ( l85ll h noKaaano na Phc. [201 CooTBeTCTBy- 
loinne napaivieTpbi annpoKCHMaii;HH: Xdw = 0.7 x 10~^^cm~^, C = 2.14 x 10~®cm~^ h xpc = 
0.9 X 10~^^cm~^ [38]. Ha Phc. [201bhjiho. hto ypaBneHne ([85l) xopomo onncbiBaeT SKcnepHMeHT. 
PacxoflHMOCTb 9(|)(|)eKTHBH0H Maccbi M*{x), oSnapyiKeHHafl b HSMepeHHax na 2D ^He [40l I79|. 




x(10""cm"') 



Phc. 20: OTHomenHe M*/M b KpeMKHCBOM MOSFET KaK 4)yHKn,Ha bjiothocth sjieKTpoHOB 
X. KBa^paTbi oSosHanaiOT SKcnepHMenTajiBHbie ^anHbie ocn,Hjijifln,HH IIIyGnHKOBa-^e-Xaaaa. 
^aHHbie, nojiy^eHHbie npn HajioJKCHHH napajiJiejiBHoro MarHHTHoro nojia, noKaaanbi KpyraMH 
[4n I80|. Cnjiomnaa JiHHHa npeflCTabJiacT 4)yHKii;Hio ([85l) . 

noKaaana na Phc. [2TJ KaK bh^ho h3 Phc. [20] h [211 OHHcaHne, ;i;aBaeMoe (J)opMyjiaMH ([85l) . ([86]) 
H f ll4p HaxoflHTca b xopomeM corjiacHH c SKcnepHMCHTOM. 

B cjiy^ae 3D chctcm, npn x xpc, 34)(J)eKTHBHaa Macca flacTca Bbipa>KeHHeM |45) 

1 30 

J_r^]_,P^f f v{q{y))ydydg 
M*-M ^TT^ll [l-R{q{y),g)xo{q{y))?' 

CpaBHCHHe ypaBHeHHH f l82p h (1871) noKasBiBaeT, hto hct HHKaKoro KanecTBeHHoro pasjin^na 
MCJKfly HHMH HCCMOTpa Ha TO, HTO 3TH ypaBHCHHa OHHCbiBaiOT 2D H 3D cjiynan. ^Jia 3D cjiy- 
naa TaKHM jkc o6pa30M mm MoaccM HOJiynnTb ypaBHenna (1851) h ([86l) . paayMCCTca, HHCJiennbie 
snaneHHa K03(J)(J)HH;HeHT0B HSMenaTca, HOCKOJibKy ohh saBHcaT h ot pasMepnocTH npocTpan- 

CTBa. E^HHCTBCHHOe paSJIH^HC MOK^y 2D H 3D SJieKTpOHHblMH CHCTCMaMH COCTOHT B TOM, ^TO 

B HOCJie^HHx OKKOn nponcxo^HT npn njiOTHOCTax ana^HTejiBHO HH>Ke tcx, KOTopbie coot- 
BCTCTByiOT 2D CHCTCMaM. ^Jia MaccHBHoro 3D ^He OKKOIl ne nponcxoflHT, HOCKOJibKy oh 
Horjioni;aeTca (|)a30BbiM nepexo^OM nepBoro po^a jkh^koctb — TBep;i;aa ^asa [40l [79] . 
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Phc. 21: OTHomeHHe M* /M b ^ByMepnoM ^He b saBHCHMOCTH ot njiOTHOCTH jkhakocth x, 
nojiyneHHoe h3 HSMepeHHH TenjioeMKOCTH h HaMarnnHeHHOCTH, SKcnepHMeHTajibHbie snaHeHHa 
noKaaaHbi Ksa^paTaMH |40l [79]. CnjioniHaa jihhhh npe^CTaBjifleT (J)yHKn,Hio M*(x)/M = A + 
, ^_ Tjie A=1.09, B=1.68 nm-^ h xfc = 5.11 nm-^. 



4.2. 3HTponHa cJjepMH-CHCTeMbi b okpgcthocth OKKOII. 

B OKpeCTHOCTH OKKOIl, B 06jiaCTH BblCOKOKOppejIHpOBaHHOii 4)epMH->KHflK0CTH, KOr^a CH- 

CTGMa Haxo^HTCfl Ha Heynopa^OHeHHoii CTopone ot KpHTHHecKoii tohkh, aaBHCHMOCTb BHTponHH 
OT TeivinepaTypbi onpe^^ejiaeTca cooTHomenHeM |27| : 

S{T) = cVf, (88) 

rfle c — KOHCTaHTa. TaKoe noBeflenne cooTBCTCTByeT CBoflcTBaM (J)epMH-jKH;i;KOCTH JlaH;i;ay. 

B CHJibHOKoppejinpoBaHHOH 4)epMH-CHCTeMe, npn T <^Tf (|)yHKii;H5i ^^o(p)l sa^aHHaa ypaB- 
HGHHeM (fTSll . onpe^iejiaeT SHTponnio Smfl{T) TajKejioft sjieKTpoHHon jkh^kocth, Haxo;i;aiii;eHca 
Ha yHopaflOHGHHOH CTopone OKKOH. KaK cjie^yeT h3 (J)opMyjibi (1161) . BHTponna co^epjKHT 
BKjiafl, ne aaBHcamHH ot TeivinepaTypbi, 5*0 ~ (p/ — Pi)/pF ~ l^^l, r^Ae r = {x — xfc)/xfc- /Ipy- 
roH cneii;H(J)HHecKHH BKJiafl CBaaan co cneKTpoM e{p), KOTopbifl oSecne^HBaeT CBasb MejK^iy 
6e3;i;HcnepcHOHHOH o6jiacTbio {pf —pi), sanaTOH (J)epMHOHHbiM KOH;i;eHcaTOM, h HopiviajibHbi- 
MH KBa3HHacTHii;aMH, pacnojiojKeHHbiMH Bp<PiiiBp>pf. 3tot cneKTp HMeeT 4)opMy 
e(p) oc {p — pfY ~ {pi — pY . Taxaa (|)opMa cnexTpa noflTBep>K;],aeTca b tohho pemaeMbix 
MO^ejiax fljia CHCTeM c (J)epMHOHHbiM KOH^encaTOM h npHBO^HT k BKjia^y b TenjioeMKOCTb 
C ~ \JT /Tf |23) . TaKHM o5pa30M, npn < T <^ Tf SHTponna MOJKeT 5biTb annpoKCHMHpoBa- 
na (]3yHKii;HeH 

Snfl{T) ~ 5o + a^^+b^^, (89) 

r^e a n b — KOHCTanTbi. TpeTbe cjiaraeMoe b npaBofi nacTH ypaBHenna (1891) BOSHHKaeT BCJie^- 
CTBHe BKJia;i;a HeaaBHCHMoii ot TeivinepaTypbi nacTn cneKTpa e{p) n ;i;aeT OTHOCHTejibno iviajiyio 
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floSaBKy B SHTponHK). KaK mm ybh^hhm, HeaaBHcamee ot TeMnepaTypbi cjiaraeMoe 5*0 onpe^e- 
jiaeT yHHBepcajibHbie TepMo;i;HHaMHHecKHe h TpaHcnopTHbie CBoiicTBa TajKejiofi sjieKTpoHHofi 

JKHflKOCTH C OK, KOTOpyiO Mbl HaSblBaGM CHJIbHO KOppejIHpOBaHHOH 4)epMH->KHflKOCTbIO. CbOH- 
CTBa 3T0H JKH^KOCTH KapflHHajIbHO OTJIH^aiOTCa OT CBOHCTB BblCOKO KOppejIHpOBaHHblX CHCTeM. 

B peayjiBTaTe mbi MO>KeM paccMaTpHBaTb OKKOn KaK (|)a30BbiH nepexo^, kotopbih paa^ejiaeT 

BblCOKO KOppejIHpOBaHHyiO H CHJIBHO KOppejIHpOBaHHyK) 4)epMH->KHflK0CTH. HoCKOJIBKy BblCO- 
KO KoppejiHpoBaHHaa jkh^^koctb npn T — > HivieeT noBeflCHHe (J)epMH-jKH;i;KOCTH JlaH;i;ay, to 
OKKOn OTflCJiacT 4)epMH->KHflK0CTb JlaH;i;ay ot CHJibHO KoppejinpoBaHHofl (J)epMH-jKH;i;KOCTH. 

HpoHjiJiiocTpHpyeM HOBe^eHHe S{T) BbiHHCJieHHHMH, HCHOJibsya MOflejibHbiii (J)yHKn,HOHaji 
JlaH^tay [24l [67] c HOTeHn,HajiOM (l69l l. OHHcannbiMH panee. Ha Phc. [22] noKaaan rpa(|)HK aa- 

BHCHMOCTH SHTpOnHH OT TCMnepaTypbl B CJiynae BBICOKO KOppejIHpOBaHHOii (]3epMH->KHflK0CTH. 

PacHCTbi S{T), npoBefleHHbie co SHaneHHaMH napaivieTpoB g = Qc = 6.7167 h /? = 6c = 3 
noKasbiBaiOT, hto S{T) oc \/T h S{T) — > npn T ^ 0. 



0,035- 
0,030- 
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t 0,015- 
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Phc. 22: SnTponna S{T) bmcoko KoppejinpoBaHHofl (J)epMH->KHflKOCTH, Haxo^ain;eHca b kphth- 
HCCKOH TOHKC OKKOH. CnjiOHiHaa Jinnna Hpe;i;cTaBJiaeT S{T) oc -\/T, KBa;i;paTbi — peayjibTaTbi 

BblHHCJieHHH. 

^jia CHJIbHO KoppejiHpoBaHHOH (J)epMH-jKH;i;KOCTH TCMHepaTypnaa aaBHCHMOCTb S{T) npefl- 
CTaBjiena b bh^c TpeyrojiBHHKOB, KpyroB h KBa^paTOB na Phc. 1231 BbiHHCJieHHa Smjih bbihoji- 
HCHbi fljia = 7, 8, 12 H /3 = 6c = 3. HanoMHHM, hto KpnTHHCCKaa Bejinnnna g = Qc = 6.7167. 
Ha Phc. [23l bhjho. hto 5*0 yBCJiHHHBaeTca ho Mepe Toro KaK cncTCivia y;i;aj[aeTca ot OKKOH. 
OneBHflHO, HTO cjiaracMoe 5*0 , ne saBHcamee ot TCMnepaTypbi, ne bhocht BKJia^ b TCHJioeM- 
KOCTb. OflHaKO KopHCBoe cjiaracMoe b ([89ll bhocht BKJia^i;, h TCHJiocMKOCTb hmcct anoMajibHoe 
HOBC^eHHe C{T) oc VT ^ KaK bto HO^TBepac^aeTca narnHMH Bbi^HCJiCHHaMH. 
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Phc. 23: 3HTponHa S{T) KaK (J)yHKn,Hfl TeMnepaTypbi. CnjioniHbie jihhhh npe^CTaBjiaiOT an- 
npoKCHMan,Hio BbiHHCJienHbix ana^enHH S{T), ocHOBanHyio na ypaBnenHH f l89p . 

4.3. CKaneK K03<J)<J)Hi];HeHTa Xojijia. 

ripHMbiM cjie^CTBHeM noBe^eHHH SHTponHH npH coBepmeHHH CHCTeMoii OKKOH flBjiaeT- 
ca CKanoK K03(J)(J)Hn,HeHTa XojiJia, o6Hapy>KeHHbiH b HSMepeHHHx na YbRh2Si2 [Hi] Phc. EH 
Ko3(|)(|)Hn,HeHT XojiJia Rh{B) KaK (|)yHKn,Hfl B MeHaeTca CKa^KOM npH T — 0, Kor^a HajiOKen- 
Hoe MarHHTHoe nojie B flocTnraeT KpHTHnecKoro aHaneHHa B = B^o h saTeivi npeBOCxoflHT sto 
KpHTHHecKoe SHaneHHe TaK, hto B = B^o + SB, r^e 6B 5ecK0HeHH0 Majioe MarHHTHoe nojie |81| . 
KaK Sbijio noKaaano b paa^ejie , npn T = Hajio>KeHHe KpHTHnecKoro MarHHTHoro nojia -Bco? 
no^aBjiaiomero aHTH4)eppoMarHHTHyio (|)a3y (c HMnyjibcoM OepMH paf — Pf), BOCCTanaBjiHBa- 
GT 4)epMH-jKHflK0CTb JlaH^ay c HMnyjibcoM OepMH pj > pp. HpH B < Bco sneprHa ocnoBHoro 
cocToaHHa aHTH(J)eppoMarHHTHOH 4)a3bi HHJKe SHeprnn ocHOBHoro cocToaHna napaiviarHHTHOH 
sjieKTpoHHOH (J)epMH-jKH;i;KOCTH JlaH;i;ay, ho npn B > B^o mm HMeeivi ;i;ejio c npoTHBonojiojK- 
HbiM cjiynaeM, Korfla napaMarHHTnaa (J)epMH-jKH;i;KOCTb JlaH;i;ay HivieeT MeHbinyio BHeprnio. 
HpH B = Bco H T = o6e (J)a3bi hmgiot o^HnaKOByio sneprHio ocnoBHoro cocToanHa, Sy^yHH 
BbipoK^eHbi. TaKHM oSpaaoM, npH T = m B = Bco SecKone^HO Majioe yBejinneHHe Mar- 
HHTHoro nojia 6B npHBo;i;HT k KoneHHOMy CKanKy b HMnyjibce (PepMH, nocKOJibKy 4)yHKii;Ha 
pacnpe^ejieHHa CTanoBHTca MHorocBasHoii, cm. Phc. [5l o;i;HaKO hhcjio no;i;BH>KHbix sjicrtpohob 
He HSMCHaeTca. B peayjibTaTC K034)4)HH;HeHT XojiJia ncHbiTbiBacT pesKHH CKaMOK, HOCKOJibKy b 
aHTH4)eppoMarHHTHOH 4)a3e Rh{B) oc l/pp, a b napaMarHHTHoii (J)a3e Rh{B) oc . 3;i,ecb 
npe^HOJiaraeM, KaK h b MO^ejiax c npocTbiM o^HOCBasHbiM (JjepMH-oG^beMOM, ^to Rh{B) mokct 
paccMaTpHBaTbca KaK Mcpa HMnyjibca OepMH |81| . h HOJiynacM 



Rh{B = B,o + S) pf xfc ^ ' 

rfle Sq/xfc — SHTponna na oflnn TajKCJibiii BJieKTpoH, ad — KOHCTaHTa, c? ~ 5. Ha ypaBHCHHa 
(iOOl) cjie^ycT, hto CKaHKOoSpaanoe HaMeneHHe K034)4)Hn,HeHTa XojiJia onpe^ejiacTca anoMajib- 

HblM nOBe^eHHCM SHTpOnHH, CBaaaHHbIM C HJICHOM 5*0. HoSTOMy CKa^OK CTpCMHTCa K HyjIK) npH 
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1.3 



0.7 



0.0 



a. 5 



1.S 



2.0 



2.5 



Phc. 24: Ko3(|)(|)Hii;HeHT XojiJia ji^jisi YbRh2Si2, HopMajinaoBaHHbiH na SHaneHHe Rh{Bq) npn 
KpHTH^ecKOM 3Ha^eHHH B = BcQ = Bq, cooTBeTCTByiomee TOHKe nepexo^a ot o^noro pe>KH- 
Ma H3MeHeHHfl Rh k flpyroMy, KaK (|)yHKn,Ha HopMajiH30BaHHOH HHflyKn,HH MarHHTHoro nojia 
B / Bq. HaiviepeHHa npoBo;i;HJiHCb npn cjie;i;yioiii;Hx aHaneHHax TeivinepaTypbi: 45, 65, 75 h 9?>mK. 
HenpepbiBHbie jihhhh cooTBeTCTByiOT HaHJiyninHM anpoKCHMannaM SKcnepHMeHTajibHbix to- 

r — > 0, H HcneaaeT, Kor;i;a paccMaTpHBaeMaa CHCTeMa Haxo;i;HTca na HeynopaflOHeHHofl CTopone 
OT OKKOn, r^e BHTponHa ne HMeeT ne aaBHCflmero ot TeivinepaTypbi BKjia^a |82| . 

4.4. 3aBHCHMOCTb 3<J)<J)eKTHBHOH MaCCH M* OT MarHHTHoro 

nojia. 

Kor^a (J)epMH-CHCTeMa npH5jiH>KaeTCfl k OKKOH go CTopoHbi Heynopa^o^eHHOH 4)a3bi, ona 
ocTaeTCfl (|)epMH->KHflKOCTbio Jlan^ay c 3(|)(|)eKTHBH0H Maccoii M*, chjibho saBHcameii ot pac- 
CToaHHa r = {x — xfc)/xfc, TeMnepaTypbi T h MarHHTHoro nojia B. 3to cocToanne CHCTeivibi c 
M* , cyHi;ecTBeHHO 3aBHcani;eH ot T, r h B, nanoMnnaeT chjibho KoppejinpoBanHyio jkhakoctb, 
OHHcaHHyio B paa^ejie . O^naKO b OTjinnne ot chjibho KoppejinpoBanHOH jkh^kocth ^jih nee ne 
cymecTBycT snepreTH^ecKoro MacniTaGa Eq = AT |27| . h paccMaTpHBaeMaa cncTCivia CTanoBHT- 
ca 4)epMH->KHflKOCTBio JlaH^ay npn ^ocTaTO^no hhskhx TCMnepaTypax c 3(J)(J)eKTHBH0H MaccoH 
M* oc 1/r (cm. ypaBHCHHa (fT4ll h (l86l) ). TaKyio jkh^koctb mojkho nasBaTb bmcoko Koppejinpo- 
BaHHoii jKH;i;KOCTbio, KOTopaa, KaK mm yBH^HM, HMCCT HeoSbiHHbie CBOHCTBa, He coBHa;i;aioiH;He 

CO CBOHCTBaMH CHJIBHO KOppejIHpOBaHHblX 4)epMH-CHCTeM [83l I39|. 

HcHOJiBsycM ypaBHCHHe Jlan^ay ^Jia HsyneHHa HOBe^enHa 3(J)(J)eKTHBH0H MaccBi M*{T,B) 
KaK (|)yHKii,HH TCMHcpaTypbi H MarHHTHoro HOJia. B cjiynae o^Hopo^HOH xch^kocth h npn ko- 
HeHHbix TCMHepaiypax h MarnnTHbix nojiax sto ypaBHenne hmcct bh^i; |22| 






X 



dn„^ (p, T, B) dp 
dp (27r)3' 



(91) 
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Sflecb Fct,cti(pf, p) — aMnjiHTy;i;a Jlan^ay, aaBHcamaa ot HMnyjibcoB pp-, P h cnnna a. TaK KaK 
MeTajiJibi c TO aBJiaiOTca npenMymecTBeHHO TpexiviepHbiMH, mm CHHTaeivi TajKejiyio sjieKTpoH- 
Hyio jKH^iKOCTb TaKJKe 3D jKHflKOCTbK). ^Jia ynpoineHHa, onycKaeM cnHHOByio aaBHCHMOCTb 
34)4)eKTHBHOH Maccbi, nocKOJiBKy B cjiy^ae cjiaSbix MarHHTHbix nojien, M*(T,B) saivieTHO ne 
saBHCHT OT cnHHOB. OyHKitHa pacnpe^ejieHHfl KBasH^acTHu, hmgct bh^ 



n<^(p,T) = < 1 + exp 



{£{P,T)- fig) 
T 



(92) 



r^e e{p,T) onpeflejiaeTca ypaBHenneM ([2|). B Hameivi cjiynae o;i;HOHacTHHHbiH cneKTp cjiaSo 
saBHCHT OT cnHHa, HO xHMHHecKHH noTeHii;Haji MOJKGT HMCTb saBHCHMOCTb H3-3a pacinenjie- 
HHa SeeMana. Mbi Gy^eivi cnen,HajibHO noKasbiBaTb saBHCHMOCTb ot cnHna 4)H3H^ecKHx bg- 
jiH^HH, Kor^a 3Ta aaBHCHMOCTb Gy^GT Ba>KHa ^jih noHHManHfl. Hpe^CTaBHivi nfj{p,T, B) = 
Srif^i^p, T, _B) + ncr(p, T = 0, -B = 0), h ypaBHenne (|9T1) npHHHiviaeT bh^ 

M M M y-^ f pfPi 



M*{T,B) M*{x) pI^J Pf 

^ dSng^ {pi,T,B) dpi 
dpi (27r) 



^<7,<7i(Pf,Pi) HI 77TZ\3- (93) 



Mbi npeflnojiaraeM, mto bmcoko KoppejinpoBaHnaa BJieRTponnaa jkhakoctb naxoflHTca b6jih3h 
OKKOn, H paccTOHHHe r Majio, Tax hto M/M*{x) <C 1, KaK sto cjie^yeT h3 ypaBnenHa 
(fT4ll . B cjiy^ae nopMajibHbix MeTajiJiOB, Kor^a sjieKTpoHnaa jkhakoctb Be^eT ce6a KaK (|)epMH- 
jKHflKOCTb JlaH^iay c 34)4)eKTHBHOH Maccoii nopa^iKa necKOJibKHx "rojibix"3JieKTpoHHbix Mace 
M/M*{x) ~ 1, flo TGMnepaTyp T ~ 1000 K BTopoe cjiaraeMoe b npaBofi nacTH ypaBneHna 
(l93ll HMeeT nopa^OK T^//x^ h naMHoro MeHbine, hgm nepBoe cjiaraeMoe. Mojkho npoBepHTb, 
^TO TO JKe caMoe cnpaBe^JiHBO, Kor^a naKjia^biBaeTca MarnHTHoe nojie B < 100 T. TaKHM 
o6pa30M, npH M/M*{x) ~ 1 paccMaTpHBaeMaa CHCTCMa hmcgt noBe^enHe 4)epMH->KHflK0CTH 
Jlan^ay c 34)4)eKTHBHOH Maccoii, 4)aKTH^ecKH He3aBHCHM0H ot TCMnepaTypbi hjih MarnHTHoro 
nojia, a conpoTHBJieHne p(T) oc T^. 3to 3HaMHT, hto nonpaBKH k hch, onpeflCJiaeMbie BTopbiM 
cjiaracMbiM b npaBoii nacTH ypaBHCHna fl93l) . nponopii;HOHajibHbi (T//i)^ hjih (/i^i?//!)^, r;i;e /i^ 
— MarneTOH Bopa. 

B6jIH3H KpHTHHeCKOH TOHKH XpCj ^<OT^,a M/M*(x Xpc) ~^ 0, nOBeflCHHe 9(|)(|)eKTHBH0H 

Maccbi KapflHHajibHO H3MeHaeTCH, noTOMy ^to nepBoe cjiaracMoe b npaBoii ^acTH ypaBHCHHa 
(l93ll HcnesacT, BTopoe cjiaracMoe CTanoBHTca rjiaBHbiM, h 34)4)eKTHBHaa Macca OHpe;i;ejiaeTca 
oflHopo^IHbiM ypaBHeHHCM (l93l) . KOTopoe sa^aeT 3(|)(|)eKTHBHyio Maccy KaK 4)yHKH;Hio B n T. 
06paTHMca K Ka^ecTBCHHOMy anajinsy pemeHHii ypaBHenna f l93p npn x ^ Xpc ^ T = 0. 
HajiOiKCHHe MarHHTHoro nojia hphbo^ht k pacmenjiCHHio SeeMana noBepxHOCTH OepMH, h 
paccTOflHHe 6p MejK^y noBepxnocTaMH OepMH co "chhhom BBepx"H "chhhom BHH3"cTaH0BHTca 
paBHbiM Sp = p^p — pp ^ fiBBM*{B)/pp. SaMCTHM, HTO BTopoe cjiaracMoe b ypaBHennn (l93l) 
HpoHopH;HOHajibHO {6pY oc {jiBBM*{B) IppY h ypaBHenne (l93|l npHHHMaeT bh;i; [33l [84l l85j 



M _ M ^Jp^mpBW^ (9,) 



M*{B) M*{x) p% 

r^e c — KOHCTaHTa. Otmcthm, hto 34)4)eKTHBHaa Macca M*{B) saBHCHT TaKJKC ot x, h 3Ta 
saBHCHMOCTb Hcne3aeT npn x = Xpc- B tohkc x = Xpc cjiaracMoe M/M*{x) oSnyjiacTca, 
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ypaBHeHHe (l94l) CTanoBHTca oflHopo;i;HbiM h MOJKeT 5biTb pemeHO anajiHTHHecKH 

Sflecb -Bco — KpHTHHecKoe MarHHTHoe nojie, KOTopoe cjie^nyeT pacciviaTpHBaTb KaK napaMeip. 
YpaBHeHHe (l95ll 3a;i;aeT ynnBepcajibHoe CTeneHHoe HOBe^nenne 3(J)(J)eKTHBH0H Maccbi, KOTopoe ne 
saBHCHT OT Me>KHacTHHHoro BsaHMO^eHCTBHa. B KanecTBe npHMepa TaKoro noBe^enHa 3(J)(J)eK- 
THBHoii Maccbi B aaBHCHMOCTH OT Hanpa>KeHHOCTH nojia na Phc. 1251 npHBeiieHO ceMeHCTBO rpa- 
(J)HKOB 4)yHKii;HH M* {B , T) jiflu Mo;i;ejibHOH CHCTeivibi c KpHTHnecKHMH napaivieTpaMH (3 'a g. Hpn 
T ^ CHCTeivia npnGjiHJKaeTca k (J)epMH-KOH,ji;eHcaTHOMy cocToaHHio. CnjioniHaa Kpacnaa jih- 
HHa — peayjibTaT annpoKCHMaii;HH naTTepna jiflu T=0.0001 no (J)opMyjie ([95l) Hpn njiOTHOCTax 




Phc. 25: rpa(|)HKH (J)yHKn,HH M*(B, T) ^jia MO,ii,ejibHOH CHCTeMbi c KpHTmecKHMH HapaMeTpaMH 
l3 n g. ripn T — > CHCTeMa HpH5jiH>KaeTca k (|)epMH-KOHfleHcaTHOMy cocToaHHio. CnjioniHaa 
Kpacnaa Jinnna — peayjibTaT anpoKCHMaii;HH BapnanTa pacneTa ^njia T=0.0001 no ^opuyjie 

X > Xpc 34)4)eKTHBHaa Macca M*{x) Konenna, n mm HMeeM ;i;ejio c oSbiHiibiMH KBa3HHacTHn;a- 
MH JlaH;i;ay npn ycjiOBnn, hto MarnnTHoe nojie Majio nacTOJibKO, hto M*{x)/M*{B) -C 1, r,ji;e 
M*{B) 3a,ii,aeTca ypaBHenneM ( !95l) . Biopoe cjiaraeMoe b npaBon nacTH ypaBHenna ( !94l ) npo- 
nopn,HOHajibHO {BM*{x)y h npe,ii,CTaBjiaeT Majiyio nonpaBKy. B npoTHBonojioJKHOM cjiy^ae, 
Korfla M*{x)/M*{B) ^ 1, ajieKTponnaa jkhakoctb Be^eT ce5a TaK, KaK 5yflT0 ona Haxo;i;HTca 

B KBanTOBOH KpHTHHeCKOH TOHKe. HoCKOJIbKy B pejKHMe (J)epMH-JKH;i;KOCTH JlaH;i;ay OCHOBHbie 

TepMOflHHaMHHecKne n TpancnopTHbie CBoncTBa cncTeMbi onpe;i;ejiaiOTca 3(J)(J)eKTHBH0H Mac- 
coii, TO H3 ypaBHenna f l95p cjie^yeT, nxo mm nojiynaeM ynnKajibnyio B03MO>KnocTb ynpanjiaTb 
ee MarneTOConpoTnBjienneM, conpoTnnjienneM, TenjioeMKOCTbio, naMarnnnnnanneM, TenjiOBMM 
oSteMBbiM pacmnpenneM n t.^i;. Sflecb neoSxo^nMO OTMeTnTb, hto Sojibmaa 9(J)(|)eKTnBnaa Mac- 
ca npnnoflnT k bmcokoh njiOTnocTn cocToannn, Bbi3biBaioni;nx noanjienne n KonKypenn;nio flpyr 
c ;i;pyroM Sojibmoro nncjia cocToannn n (J)a30Bbix nepexo;i;oB. Mm npe;i;nojiaraeM, hto onn 
MoryT Smtb no^aBjienbi nnemnnM MarnninbiM nojiCM, n paccMaTpnnacM TepMO,ii,nnaMnnecKne 
CBOHCTBa cncTeMM 6e3 yneia stoh KonKypenn,nn. 
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4.4. SaBHCHMOCTb 3<J)<J)eKTHBHOH MaccH M* OT TGMnepaTy- 
pbl. 

^jia HsyneHHa Ka^ecTBGHHoro noBe^enHfl M*iT) npH yBejinnenHH TeMnepaTypbi, ynpocTHM 
ypaBHeHHe (l93l) , onycKaa nepeivieHHyio B h HMHTHpya BJinaHne BHeniHero MarHHTHoro nojia ko- 
HGHHOH 34)4)eKTHBHOH MaccoH B 3HaMeHaTejie nepBoro cjiaraeMoro b npaBofl MacTH ypaBneHna 
([93l) . 3Ta 3(J)(J)eKTHBHaa Macca CTanoBHTca (J)yHKii;HeH paccToaHna r, M*(r), KOTopoe onpe^ejia- 
eTca H BejiHHHHoii MarHHTHoro nojia B. Ecjih MarHHTHoe nojie HcneaaeT, to r = (x — Xpc) /^fc- 
HpoHHTerpHpyeM BTopoe cjiaraeMoe no yrjiOBbiM nepeMennbiM, 3aTeM BOSbMCM HHTerpaji no ne- 
peivieHHOH p no nacTaivi n saMennM nepeMennyio p na z, z = {e{p) — /i)/T. B cjiynae njiocKon 
H ysKOH 30Hbi, MOJKGM BOcnojib30BaTbca npnSjiHJKeHHeM {e{p) — /i) ^ Pf{p — Pf)/M*{T). B 
peayjiBTaTe Bcex npeoSpaaoBannn nojiynaeM 

M M F(pF,PFil + az))dz 

— + a 



M*{T) M*{r) Jq 1 + 

/■^/" dz 
-a / F{pF,pF{l-az))-—^. (96) 
Jo i + e 

3flecb 6biJiH HcnojibsoBanbi cjieflyiomne oSoanaHenna: F ~ Md{F^p'^) /dp, nepeMennaa a = 
TM*{T)/pI = TM*{T)/{TkM*{r)), = pl/M*{r) n HMnyjibC OepMH onpeflejien h3 ycjiOBna 
^{Pf) = ^■ 

Cnanajia npe^nojioJKnivi, nTO a <^ 1. Tor^a, onycKaa cjiaraeMbie nopa^Ka exp(— l/a), mo- 
JKGM nojio>KHTb BepxBHH npe^GJi BToporo nnTerpajia b npanoii nacTn ypannenna ( 196p pannbiM 
SecKoneHHOCTH n bh^hm, hto cyMMa BToporo n TpeTbero cjiaraeivibix ecTb neTnaa 4)yHKn;Ha 
a. HojiyHenHbie nnTerpajibi — THnnnnbie BbipajKenna c 4)yHKn;HeH OepMH-^npaKa b KanecTBe 
noflbiHTerpajibHoro BbipajKenna — MoryT 5biTb Bbinncjienbi c HcnojibaoBanneM CTanflapTHon 
npon,eflypbi (cm., nanpniviep, [68] )• Tax KaK naM neoGxo^nivia TOJibKO on,enKa nnierpajiOB, npe^- 
CTaBHM ypaBnenne (i96l l KaK 

M M 

+ «/(0)ln{l + exp(-l/a)} 



M*(T) M*(r) 

+ Aia^ + A2a^ + ..., (97) 

r^e Ai H A2 — KoncTanTbi nopa^Ka eflHnHn,H. 3^ecb jiorapH(J)MHnecKoe cjiaraeMoe ecTb pe- 
syjibTaT cyMMnpoBanna ochobhofo neanajiHTHHecKoro (npn T ^ 0) BKJia;i;a, nponopn;HOHajib- 
Horo exp(— 1/a). ypaBnenne (l97l) MOJKeT paccMaTpnnaTbca KaK Tnnnnnoe ypannenne Teopnn 
(|)epMn->KH;],KOCTn Jlan^ay. E;],nncTBennbiM ncKjironenneM npn stom anjiaeTca sc^DcJ^eKinnnaa 
Macca M*(r), cnjibno aanncantaa ot paccToanna r n pacxoflamaaca npn r — 0. Tcm ne Mcnee, 
n3 ypannenna (1971) cjie^ycT, nTO npn T — nonpanKn k M* (r) nannnaroica c njienon nopa^Ka 
npn ycjiOBnn Bbinojinenna nepanencTBa, 

W{r)^ \TkM*{r)) "if' ^^^^ 



n cncTCMa flCMoncTpnpycT noBCflenne (|)epMn->KnflKOCTn Jlan;i;ay. Ha ypannenna (1971) nn^no, 
nTO none^enne (JjepMn-jKn^KOCTn Jlan^ay ncneaacT, Kor^a r — >^ n M*(r) — * 00. Tor^a CBo6ofl- 
nbiii njien b npanon nacTn ypannenna (I97p OKasbinaeTca npeneSpeacnMO MajibiM M/M*{r) — > 0, 
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H ypaBHeHHe (l96l) . CTanoBacb oflHopo^HbiM, onpe^iejiaeT yHHBepcajibHoe noBe^eHHe scJxJjeKTHB- 
Hoii Maccbi M*(T). 

ripH HeKOTopoH TCMnepaType Ti ^ Tk Bejin^HHa cyMMbi b npaBOii nacTH ypaBneHna (l97ll 
onpe^ejifleTca BTopbiM cjiaraeMbiM, h ypaBHenne f l98l) Sojiee ne cnpaBe^JiHBO. yflep>KHBafl tojib- 
KO BTopoe cjiaraeMoe b ypaBnenHH (l97l ). nojiynaeivi ypaBHenne ^Jia onpe^ejienHa M*{T) b ne- 
pexo^Hoii o6jiacTH [85l [86] 

M*(T) oc (99) 

TeMnepaTypnaa saBHCHMOCTb BH^a T~^/^ b BbipajKeHHH (l99ll ) sacjiyjKHBaeT KOMMeHTapna. 
YpaBHeHHe (l99l) cnpaBe^JinBO, ecjin BTopoe cjiaraeMoe b ypaBnenHH (l97l) naMHoro Sojibme nep- 
Boro: 

H 3T0 cjiaraeMoe Sojibine, HeM TpeTbe, 

T M*(r) , , 

OHeBHflHO, HTO o6a ypaBHenna (1 1001) h (II Oil) o;i;HOBpeMeHHO y^OBJieTBopaiOTca, ecjiH M/M*{r) <^ 
1 H T KoneHHa. ^Hanaaon TeivinepaTyp, b KOTopoM ypaBHeHHe (l99ll CHpaBe^jinBO, cjKHMaeTca 

B HOJIb, KaK TOJIBKO T — > 0, HOTOMy HTO Tfc — > 0. TaKHM o6pa30M, eCJIH CHCTeMa OneHB 6jIH3Ka 

K KBaHTOBOH KpHTHHecKOH TO^Ke, X xpC} TO HOBe^eHHe 3(J)(J)eKTHBH0H Maccbi, ^aBaeMoe 
ypaBHenneM (l99l) . b mnpoKOM ;i;HaHa30He TeivinepaTyp bosmojkho, tojibko ecjin BejiHHHna 3<^- 
(J)eKTHBHOH Maccbi M* (v) 3HaHHTejibH0 yMeHbmena najiojKeHHeM MarHHTHbix HOJien. Mojkho 
CKa3aTb, HTO paccToaHHe r CTanoBHTca 6ojibme HOfl ;i;eHCTBHeM B. Kor^a MarHHTHoe HOJie B 
KonenHO, T~^/^ 3aBHCHM0CTb MoaceT naSjiiOflaTbCH npn OTHOCHTejiBHO bbicokoh TeivraepaType 
T > Ti{B). /JjiH on,eHKH TeMHepaTypbi nepexo^a Ti{B), npn KOTopoii sc^Dc^DeKTHBHaa Macca 
HaHHHaex 3aBHceTb ot TeMHepaxypbi, 3aMeTHM, hto sc^Dc^DexTHBHaa Macca aBjiacTca HenpepbiB- 
Hoii 4)yHKii;HeH TCMnepaTypbi h BejiHHHHbi MarHHTHoro nojia: M*{B) ~ M*(Ti). IlpHHHMaa bo 
BHHMaHHe ypaBHCHHa (l95l) h (l99ll . nojiynacM Ti{B) oc -B. 

C pocTOM TCMnepaTypbi CHCTeMa nepexo^Hx b ^pyroii pe>KHM. Ko34)4)Hn,HeHT a CTanoBHTca 
nopa^Ka eflHHHn,bi, a ~ 1, BepxHHH npe^eji Bxoporo HHTcrpajia b ypaBnenHH (I96p ne MO>KeT 
6biTb pacnpocTpanen ^o SecKonennocTH, n nannnaiox nrpaxb pojiB neneinbie cjiaraeMbie. B 
pe3yjibTaTe ypaBnenne (l97l) 6ojiee HecnpaBe;i;jiHBO, n cyMivia nepBoro n BToporo nnTerpajiOB b 
npaBOH nacTH ypaBnenna (l96l) nponopn;HOHajibHa M*(T)T. HpeneGperaa nepBbiM cjiaraeivibiM 
M/M*{r) n npnSjinjKaa cyMMy nnxerpajiOB BbipajKenneM M*(T)T, nojiynaeivi h3 (196^ 

M*(T) oc (102) 



TaKHM o6pa30M, MO>Kno 3aKjiionHTb, hto npn noBbimennn TCMnepaTypbi n Kor;],a x ^ XpC} 
CHCTCMa ^eMoncTpnpyeT Tpn xnna peacHMon: none^^enne 4)epMH->KH;],K0CTH Jlan^ay npn a <^ 1, 
Korfla ypaBnenne (l98l) cnpane^jinBO, n noneflenne 3(J)(J)eKTnBnoH Maccbi 3a;i;ano (l95l) : noBe^enne, 
onpeflCJiaeMoe ypannenncM (l99l) . Kor;i;a M*(T) oc T~^/^ n 5'(T) oc M*{T)T oc T^/'^; n npn a ~ 1 
cnpanefljinBO ypaBnenne (1102^ . M*{T) oc l/VT, b stom pejKnMC sniponna S{T) oc M*{T)T oc 
H TenjiocMKOCTB CiT) = T{dS{T) /dT) oc \/T- Ha Pnc. 1261 n3o6paa<:ena xnnn^naa M* —T 
^narpaMMa ^CMoncTpnpyiontaa nee ^eTbipe flnana3ona H3Menenna M*iT). 
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Phc. 26: SaBHCHMOCTb HopMHpoBaHHoii Ha MaKCHMajibHoe SHaneHHe 3(|)(|)eKTHBH0H Maccbi M* 
OT T HopMHpoBaHHOH Ha 3Ha^eHHe TeMHepaTypbi, npn KOTopoii M* ^ocTHraeT MaKCHMyMa. 

B cjiynae, Kor;i;a cncTeivia naxoflHTca b KpHTHMecKofi tohkc OKKOH, to ecTb x = xpc, 
3(J)(J)eKTHBHa5i Macca pacxo;i;HTca npn yMeHbinenHH TeivinepaTypbi no saKony: 

M*(T) (X (103) 

Ha Phc. [271 npHBe^en rpa4)HK 4)yHKH;HH M*(T), HOJiynenHbiH b KOMHbiOTepHOM sxnepHMeHTe 
fljia 4)epMH-CHCTeMbi, Haxo^ameiicfl b KpHTH^ecKOH tohkg OKKOH. Ho Mepe HpnGjiHJKeHHa 




Phc. 27: SaBHCHMOCTb sc^dc^dckthbhoh Maccbi M* ot TCMHepaTypbi T ^jia kphthhcckhx SHane- 
HHH HapaMCTpoB HOTeHn,Hajia BsaHMOflencTBHa. 

TCMHepaTypbi k hojiio Macca (J)epMHOHOB HeorpaHnnenHO BoapacTacT. 
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^jia HJiJiiocTpaii;HH npeflCTaBJieHHoro Bbime paccMOTpeHna saBHCHMOCTH M* ot TeivinepaTy- 
pbi T BOcnojibsyeMca TepMo;i;HHaMHHecKHM cooTHomeHneM, CBaabiBaiomHM npHBe;i;eHHyio Maccy 

C MarHHTHOH BOCnpHHMHHBOCTbK) x{T), SHTpOnHefi S{T), y^ejIbHOH SJieKTpOHHOii TenjioeMKO- 

CTbK) C{T), K03(J)(J)Hn,HeHT0M oG^beMHoro pacniHpeHHa a(T), y^ejibHbiM conpoTHBjieHHeM p{T): 

M.(T)ocx(T)oc^oc^^ocfl«;f). (104) 

3KcnepHMeHTajibH0 HCCJie^OBanHbie BejiHHHHbi h3 pa^a 11041 OTHOcamneca k pasjiH^Hbix xh- 
MHHecKHM coe;i;HHeHHaM, ;i;eMOHCTpHpyeT Bce STanbi 3bojiioii;hh aaBHCHMOCTH Maccbi ot Teivine- 
paTypbi jiflu BbicoKOKoppejinpoBaHHOH (|)epMH->KHflKOCTH. Ha pncyHKax (128) — [29]) [87] npHBe- 
flGHbi saBHCHMOCTH AC /T fljia CePdi-xRhx npn pasjiHHHbix x b okpgcthocth tohkh 4)a30BO- 
ro nepexo^a (|)eppoMarHeTHK-napaMarHeTHK Xc — 0.87. Hpn x = 0.80 sjieKTpoHHaa CHCTeMa 
paccMaTpHBaeMoro coe^HHeHHa ;],eMOHCTpHpyeT Bce STanbi 3BOJiion,HH aaBHCHMOCTH Maccbi ot 
TCMnepaTypbi ^jia BbicoKOKoppejinpoBanHOH 4)epMH->KH;],K0CTH. Ha Phc. [30] |88| npHBe^enbi 




T[K\ 



Phc. 28: SaBHCHMOCTb AC /T ot T ^jia CePdi^^Rhx npH pasjiHHHbix x. 

3aBHCHM0CTH tt/T jiflu CeNi2Ge2 npn pasjiHHHbix SHaneHHax HHflyKii;HH, najiojKeHHoro na ch- 
CTGMy MarHHTHoro nojia. Ha Phc. [3l] [90] npHBeflCHbi aaBHCHMOCTH x(^) fl^i^ CeRu2Si2 npn 
pasjiH^Hbix ana^eHHax HHflyKn,HH, najioJKeHHoro na CHCTeMy MarnHTHoro nojia. Ha Phc. 1321 [9T] 
npHBe^eHbi saBHCHMOCTH x(T) fljia IhRh2{SiQ,^^GeQ_Q^)2 npn pasjiHHHbix sna^eHHax HHflyKn,HH, 
Hajio>KeHHoro na CHCTeMy MarHHTHoro HOJia. 

Ha PHC.[33][92j npHBeflCHbi saBHCHMOCTH MarneTOConpoTHBJieHHa [p(if)— p(0)]/p(0)(T) jiflu 
CeCoIn^ OT TeivinepaTypbi npn pasjiHHHbix SHaHenHax HH;i;yKn;HH, HajiojKeHHoro na cncTCMy 
MarHHTHoro HOJia. 

Ha Phc. [34] j93| npHBe^eHbi aaBHCHMOCTH C/T ^jia KBaan^ByxMepHoro H30TOHa3^e npn 
pasjiH^Hbix SHaHCHHax HHflyKn,HH, Hajio>KeHHoro na CHCTeMy MarHHTHoro HOJia. 



48 



0.2 ■ 



0.0 - 



T[K] 



Phc. 29: SaBHCHMOCTb AC/T ot T ^jia CePdi^xRhx npn x = 0.80 h pasjiHHHbix aHaneHHii 
MarHHTHoro nojia i? ot 3T. 

4.5. JlHHeHHoe pacmnpeHHe h saKOH FpiOHaHseHa. 

HeoSbiHHaa aaBHCHMOCTb SHTponHH ot TeMnepaTypbi CHjibHO KoppejinpoBanHOH ajieKTpon- 
Hoii jKHflKOCTH, sa^aHHaa cooTHomeHHeivi (l89l) . onpe^ejiaeT ee ocoSoe noBe;i;eHHe. CymecTBOBa- 
HHe He aaBHcainero ot TeMnepaTypbi HJiena 5*0 MOxceT SbiTb npoHJiJnocTpHpoBano BbiHHCJieHneM 
K034)4)Hn,HeHTa TenjiOBoro pacniHpeHHa C({T) [94l I95|. KOTopbiii ^aeTca BbipajKenneM |22| 

1 /'d{\ogV)\ _ 1 rdiS/x) 



«m = o^7S^ =-T7T7M^ , (105) 



3 V (9T / p ay V 9P 



3flecb P — ^aBjieHHe, V — o6T>eM. OTMeTHM, ^to OKHMaeMOCTb K = dfi/d{Vx) ne HMeeT 
CHHryjiapHOCTH npn OKKOH h b cncTeiviax c (jDepMHOHHbiM KOHflencaTOM npnSjiHaHTejibHO 
nocToaHHa [69]. no;i;cTaBJiaa ypaBHenne (l89ll b (11051) . Haxo;i;HM, hto 

M* T 

apciT) ~ ao ~ (106) 
rfle ao ~ dSo/dP — BejiHHHHa, ne aaBHcainaa ot TeMnepaTypbi. Ilpn Bbinncjiennn BbipajKenna 

(I106P 5bIJI J^^ep'JKdtii TOJIbKO TJiaBRblH BKJiafl, CBflSaHHblH C 5*0. y^TeM, HTO TenjIOeMKOCTb HMeeT 
BHfl 

B peayjibTaTe OTHomenHe FpioHaHaeHa r(T) pacxo^HTca KaK 



H Mbi saKJiiOHaeM, hto saKon rpionaiiaeHa ne BbinojinaeTca b cjiynae chjibho KoppejinpoBannbix 

(|)epMH-CHCTeM. 
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Phc. 30: SaBHCHMOCTb a/T ot T ji^jisi CeNi2Ge2 npn pasjiHHHbix aHaneHHax HH;i;yKii;HH Mar- 
HHTHoro nojia. 

Tenepb paccMOTpHM, KaK noBe;i;eHHe 34)4)eKTHBHOH Maccbi, onncbiBaeMoe ypaBHeHHeivi (11021) . 
cooTHOCHTca c SKcnepHMeHTajibHbiMH Ha5jiio;i;eHH5iMH. Ko3(J)(J)Hii;HeHT TenjiOBoro pacmnpeHHa 
a(T), HSMepeHHbiii ji^jisi napaMarneTHKa CeNi2Ge2, fleMOHCTpnpyeT noBe;i;eHHe BH;i;a ^/T npn 
H3MeHeHHH TCMnepaTypbi ot 6 K 50 mK [12j . TaKoe >Ke noBe^eHne a(T) oc ^/T Gbijio oGna- 
pyjKeno b H3MepeHHax na 4)eppoMarHeTHKe CePdi_xRhx [96], cm. Phc. [351 Ha Phc. 1351 bhjho. 
HTO B KpHTHHCCKOH TOHKC X = 0.90, B KOTopoH KpHTHHCCKaa TCMHepaTypa (J)eppoMarHHTHoro 
(J)a30Boro nepexofla oGpamaeTca b hojib, K03(J)(J)Hii;HeHT TcnjiOBoro pacmnpenHa xopomo an- 
npoKCHMHpyeTca KopneBOH aaBHCHMOCTbio a(T) oc a/T npn HSMeHenHH TeivinepaTypbi uohth 
Ha ^Ba Hopa^Ka, o^HaKO ^axe HeSojiBmoe CMemenne chctcmbi h3 kphthhcckoh tohkh pesKO 
yxy^macT KanecTBO HCHOJiBsyeMOH aHHpoKCHMan,HH. Otmcthm, hto KpHTH^ecKoe HOBe^eHHe 
^Byx coBepmeHHO pasjiHHHbix MCTajiJiOB c TO (o^hh — napaMarneTHK, a BTopofi — (J)eppoMar- 
hcthk) y;i;aeTca xopomo onncaTb 4)yHKn;HeH a;(T) = C\^T c o;i;hhm no;i;roHOHHbiM napaivieTpoM 
C\. 3to oScToaTCJibCTBO narjiaflHO noKasbiBaeT, hto (|)jiyKTyan;HH ne onpeflCJiaiOT noBe;i;eHHe 
a(T\ HsMepcHHa TCHjioeMKOCTH, HpoBe^enHbie na CePdi_xRhx npn x = 0.90, HOKaaajin, hto 
C{T) (X \/T |96| . TaKHM oSpaaoM, sjieKTpoHHbie chctcmbi oSohx MCTajiJiOB mo>kho othccth k 

BblCOKO KOppejinpOBaHHOH SJieKTpOHHOH >KHflKOCTH. 

HsMepeHHa na YbRh2(Sio.95Geo.o5)2 noKasbiBaiOT, hto a/T oc 1/T, hto nosBOJiacT othc- 
CTH 3JieKTpoHHyio CHCTCMy K CHJibHO KoppejiHpoBaHHOH JKH^^KOCTH. OTHomeHHe FpiOHaHaeHa 
r(T) ~ T~'^, q ~ 0.33 [12]. Hama on,eHKa, cjie;],yion];aa h3 ypaBHenna (llOSp . ^acT g = 0.5 h 

HaXOflHTCa B y^OBJieTBOpHTCJIBHOM COrjiaCHH C 9THM SKCHCpHMeHTajIbHblM 3HaHeHHeM. 05a TH- 

Ha HOBe^CHHa a(T) ne corjiacyiOTca c BbiBO^aMH TCopHH (|)epMH->KHflKOCTH Jlan^ay, KOTopaa 
npH T — > flacT a{T)/T = M* = const. B Hameivi cjiynae 34)4)eKTHBHaa Macca saBHCHT ot 
T, H saBHCHMOCTb BH^a 1 / a/T cjie^ycT h3 ypaBHCHHa (11021) h Haxo^HTca b xopomeivi corjia- 
CHH c peayjibTaTOM ^Jia nepBofi CHCTCMbi [94], a aaBHCHMOCTb sc^dc^dckthbhoh Maccbi BH^a 1/T, 
cjieflyiomaa h3 ypaBHenna 

M*Fc ^ P^^^^ (109) 
H HpeflCKaaaHHaa b [95], cooTBCTCTBycT BTopoMy peayjiBTaTy. 
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Phc. 31: SaBHCHMOCTb x(^) ot T j^jisi CeRu2Si2 npn pasjiHHHbix SHaneHHax hh^yki^hh iviar- 
HHTHoro nojia. 

Ha (11090 cjie^iyeT, hto M*{T — 0) — > oo, h chjibho KoppejinpoBaHHaa sjieKTpoHHaa jkh^- 
KOCTb Be^eT ce5a TaK, KaK Sy^TO ona noMemena b KBaHTOByio KpHTHnecKyio TOHKy. OaKTHne- 
CKH ona noMemena na KBaHTOByio KpHTH^ecKyio jihhhk) x < XpC) h KpHTH^ecKoe noBe^enHe 
Ha6jiiOflaeTca npH T — ^jih Bcex x < Xpc- HpH T — chjibho KoppejinpoBaHnafl sjieKTpoH- 
Haa JKHflKOCTb HcnbiTbiBaeT KBanTOBbiii (J)a30BbiH nepexo^i; nepBoro po^a, nocKOJibKy SHTponna 
CTanoBHTca paapbiBHOfi (J)yHKii;HeH TeivinepaTypbi: npn KonenHbix TeivinepaTypax anTponna fla- 
GTca ypaBHenneM fl89ll . b to Bpeivia KaK S{T = 0) = 0. HosTOMy SHTponna HcnbiTbiBaeT CKaMOK 
5S = Sq npH T — i> 0. OTCiOfla cjie^yeT, hto H3-3a (|)a30Boro nepexo;],a nepBoro po^a kphth- 
^ecKHe 4)JiyKTyan,HH no^aBjieHbi b^ojib KBanTOBOH KpHTH^ecKoii jihhhh h cooTBeTCTByiomHe 
pacxo;i;HMOCTH, nanpHMep, pacxoflHMOCTb r(T), onpeflejiaiOTca KBa3HHacTHii;aMH, a ne kphth- 
necKHMH (|)JiyKTyaii;HaMH, KaK mojkho Sbijio ojKH^aTb b cjiynae oSbinnoro KBaHTOBoro (J)a30Boro 
nepexofla 14]. Otmcthm, hto corjiacHO H3BecTH0My HepaBencTBy [68] . 6Q < T6S, TenjiOTa ne- 
pexo^a 6Q ot neynopa^OHeHHOH k ynopa^o^eHHoii (J)a3e paBna nyjiio, noTOMy hto SQ < SqT 
CTpeMHTca K HyjiK) npH T ^ 0. 

4.6. T — B cJ)a30Baa ^HarpaMMa. 

^jia H3yHeHHa (|)a30B0H ^narpaMMbi T — B chjibho KoppejinpoBanHOH sjieKTpoHHoii jkh^ko- 
CTH paccMOTpHM cjiyHafi, Kor^a He-4)epMH jKH^KOCTHoe noBe^GHHe B03HHKaeT npn no^aBjienHH 
aHTH4)eppoMarHHTHOH (J)a3bi BHeniHHM MarHHTHbiM nojiGM 5, HanpHMep, KaK sto nponcxoflHT b 
MeiajiJiax c TO YbRh2Si2 h YbRh2(Sio.95 Geo.o5)2 |l3l[12]. AHTH(J)eppoMarHHTHaa (i)a3a npefl- 
CTaBJiaeT co6oh BJieKTpoHHyio 4)epMH->KHflK0CTb JlaHflay c BHTponneH, oGpamaiomeHca b hojib 
npH T — 0. /Jjia MarHHTHbix nojieft, npeBbimaiomHx KpHTH^ecKoe 3Ha^eHHe Bco, npH koto- 
poM TGMnepaTypa Heejia Tn{B Bco) — > 0, aHTHc^DeppoMarHHTnaa ^asa npeo6pa3yeTca b 
cjia5o nojiHpH30BaHHyio napaiviarHHTHyio chjibho KoppejinpoBanHyio sjiexTpoHHyio jkhakoctb. 
KaK SbiJio noKa3aHO b pa3flejie , npn T = najiojKeHHe MarHHTHoro nojia B pacmenjiaeT 
c|)epMH-KOH^eHcaTHoe cocToaHne, 3aHHMaioiii;ee o5jiacTb {pf — Pi), na ypoBHH JlaH;i;ay h no- 
flaBjiaei CBepxnpoBO^amHH napaivieTp nopa^Ka ^(p). HoBoe cocToanHe ^aeTca MHorocBa3HOH 
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Phc. 32: SaBHCHMOCTb x(^) ot T ^jia IhRh2{SiQ,^^GeQ,Q^)2 npH pasjiHHHbix ana^eHHax HH^yK- 
n,HH MarHHTHoro nojia. 

c(J)epoH OepMH, r^e rjia^Kaa (|)yHKn,H5i pacnpe^ejienHH KBasHHacTHu, no(p) b HHTepBajie hm- 
nyjibcoB [pf — Pi) saMeHena pacnpe^ejienHeM z/(p), cm. Phc. O HoBTOMy noBe^CHHe 4)epMH- 
jKHflKOCTH JlaH;i;ay BOCCTanaBJiHEaeTca h xapaKTepnayeTca KBasHHacTHnaMH c 34)4)eKTHBHOH 
Maccoii M*[B), onpe;i;eji5ieMOH ypaBHenneM [33j 

M*{B) oc -j=L=, (110) 

3flecb Bco — KpHTHHCCKoe MarHHTHoe nojie, KOTopoe noMemacT MCTajiJi c TO b nacTpaHBaeMyio 
MarHHTHbiM nojiCM KBaHTOByio KpHTH^ecKyio TO^Ky. ripH noBbimeHHH TCMnepaTypbi nacTOJib- 
KO, HTO T > T*{B — Bco) oc \/B — B^o , BHTponna sjicrtpohhoh jkh;i;kocth ;i;aeTca ypaBHCHHeM 
(l89l) . OnHcaHHoe Bbime noBeflCHHe chjibho KoppejinpoBaHHofi jkhakocth noKaaano na 4)a30BOH 
flnarpaMMe T — B, npHBe;i;eHHOH na Phc. [36l 

B COOTBCTCTBHH C SKCHepHMCHTOM Hpe^HOJIOJKHM, HTO HpH OTHOCHTCJIbHO BblCOKHX TCMHe- 

paTypax T/Tno ~ 1, aHTH(|)eppoMarHHTHbiH (J)a30BbiH nepexofl aBjiaeTCfl nepexoflOM BToporo 
po^a [13], r^e T/vo TCMHcpaTypa Heejia b OTcyTCTBHH MarHHTHoro nojia. B stom cjiynae bh- 
TpoHHa H ^ipyrne TepMo;i;HHaMHHecKHe (J)yHKii;HH SBJiaiOTca nenpepbiBHbiMH (|)yHKii;HaMH npn 
TCMnepaType nepexo;i;a T/v(-B). 3to oaHanaeT, hto SHTponna aHTHc^DeppoMarHHTHoii 4)a3bi Saf 
coBna^acT c aHTponneii Snfl chjibho KoppejinpoBanHOH jkh^kocth, onpe^ejiaeMOH ypaBHCHH- 
CM (189]), 

SAFiT T^iB)) = Snfl{T Tm{B)). (Ill) 

HocKOJibKy aHTH(J)eppoMarHHTHaa (J)a3a HivieeT noBeflCHHe 4)epMH->KHflK0CTH JlaH;i;ay, T.e. S{T ^ 
0) — > 0, ypaBHCHHe p09p ne MOJKeT 5biTb y^OBjieTBopeno npH flocTaTOHHO hh3khx TeMnepa- 
Typax T < Tcrit H3-3a He3aBHCHMoro ot TeMnepaTypbi cjiaraeMoro 5*0. Cjie^OBaTejibHO, anTH- 
(|)eppoMarHHTHbiH 4)a30BbiH nepexofl BToporo po^a CTanoBHTca nepexo^OM nepBoro po;i;a npn 
T = Tcrit, KaK 3T0 noKa3aHO Ha Phc. [36l 

HpH T = 0, KpHTHHCCKoe HOJie Bco, npH KOTopoM aHTHc^DcppoMarHHTHaa (|)a3a CTanoBHTca 
(J)epMH-}KHflKOCTbio JlaH^ay, onpe^ejiacTca ycjiOBHCM, hto Bneprna ocHOBHoro cocTOSHHa an- 
TH(J)eppoMarHHTHOH (|)a3bi coBHa^aeT c SHeprHeii ocHOBHoro cocToaHna ii^[r;,o(p)] sjicrtpohhoh 
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Phc. 33: aaBHCHMOCTH MarneTOConpoTHBjieHHa [p{H) — p(0)]/p(0)(T) ^jia CeCoIn^ ot TeMne- 
paxypbi npH pasjiHHHbix SHa^eHHHx HHflyKn,HH, Hajio>KeHHoro na CHCTeMy MarnHTHoro nojia. 

(jDepMH-jKH^KOCTH JlaH;i;ay. 3to snaHHT, hto ochobhog cocToaHne aHTH(J)eppoMarHHTHOH 4)a3bi 
CTanoBHTCfl Bbipo>K^eHHbiM npH B = BcQ. HosTOMy TGMnepaTypa Heejia Tn(B B^o) 0, 
noBe^eHHe 34)4)eKTHBHOH Maccbi M*{B > Bco) onpe;i,ejieHO ypaBnenHeM ( 11101) . h M*{B) pac- 
xoflHTCH npH B BcQ. OaaoBbifi nepexo^, paa^ejifliomHH aHTH(|)eppoMarHHTHyio 4)a3y, cy- 
mecTByioinyio npn B < B^o, h (|)epMH->KHflKOCTb JlaH;i;ay npn B > B^q, ecTb KBaHTOBbifi 
4)a30BbiH nepexofl nepBoro po^a. KoHTpojiHpyiomHM napaMeTpoM BToro 4)a30Boro nepexo;i;a 
sBjiaeTca MarnHTHoe nojie B. OTMeTHM, hto cooTBeTCTByiomHe KBanTOBbie h TenjiOBbie kphth- 
^ecKHe 4)JiyKTyan,HH HCHe3aiOT npn T < Tcru, nocKOJibKy npH sthx TeivinepaTypax hmgcm ^ejio 
c aHTHcJjeppoMarHHTHbiM (J)a30BbiM nepexo^OM nepBoro po^a. Mojkho TaKJKe saKjiio^HTb, ^to 
KpHTHHecKoe noBe;i;eHHe, Ha5jiio;i;aeMoe npn T — > h i? — > B^o, onpe^ejiaeTca KBasHnacTH- 
ii;aMH, a ne KpHTHnecKHMH (J)jiyKTyaii;HaMH, conpoBOJKflaiomHMH (|)a30Bbie nepexoflbi BToporo 
pofla. Korfla r 0, sjieKTpoHHaa jkh^^koctb npnGjiHixaeTca k OKKOH co CTopoHbi ynopa- 
floneHHOH (|)a3bi. O^eBH^HO, Tcrit — > B TO^Ke r = 0, H TGMnepaTypa Heejia paBna nyjiio 
B TO^Ke, r^e aHTH(|)eppoMarHHTHbiH (J)a30BbiH nepexo^ BToporo po^a CTanoBHTca nepexoflOM 
nepBoro po;i;a. HosTOMy mojkho ojKHflaTb, hto BRjia^bi, onpeflejiaeivibie KpHTH^ecKHMH ^jijk- 
Tyaii;HaMH, npHBO^aT tojibko k JiorapH4)MHHecKHM nonpaBKaivi k BejiHHHHaM, BbiHHCJiaeivibiM b 
TeopHH (i)a30Bbix nepexo;i;oB Jlan^ay [68], a CTenennbie saKOHbi KpHTHnecKoro noBe^^enHa cho- 
Ba onpe^ejiaiOTca cooTBGTCTByiomHMH KBa3H^acTHn,aMH. TaKHM o6pa30M, napa^nrMa Jlan^ay, 
ocHOBaHHaa na nonaTHH KBasH^acTHu, h napaivieTpa nopa^Ka, npHMeHHMa npH paccMOTpenHH 
T — B (|)a30B0H ;i;HarpaMMbi chjibho KoppejinpoBaHHoii sjieKTpoHHofi jkh;i;kocth. 

4.7. yHHBepcajibHoe noBe;],eHHe cJ)epMH-CHCTeMt>i b OKpecT- 
HOCTH QKKOn. 

PaccMOTpHM cocToaHHe CHCTeMbi npH r — > 0. Ero CBoiicTBa onpe^ejiaiOTca MarHHTHbiM 
nojiGM B H TeivinepaTypoH T. Ilpn nepexo^HOH TeivinepaType T ^ Ti{B) sc^Dc^DCKTHBHaa Macca 
3aBHCHT KaK OT T, TaK H OT -B, B TO BpcMa KaK npH T <^ Ti{B) CHCTeMa aBjiaeTca 4)epMH- 
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Phc. 34: SaBHCHMOCTb x(^) ot T fljia IbRh2{Sio.g5Geo.o5)2 npn pasjiHHHbix aHaneHHax HH;i;yK- 
n,HH MarHHTHoro nojia. 

jKHflKOCTbK) Jlan^ay c 34)4)eKTHBHOH Maccofi, onpe^ejiaeMoii ypaBHenneM f l95ll . a npH T > 
Ti(B), Macca aaflana ypaBHeHHeM (1991) . /J^jih onHcanHH noBe^enHH 3(J)(J)eKTHBH0H Maccbi npn 
T < Ti ypaBHeHHe (l93l) ^onycKaeT npnSjiHJKeHHoe pemeHne, KOTopoe mojkho HcnojibsoBaTb 
KaK npocTyio HHTepnojiaii;HOHHyio 4)opMyjiy: 

Ko3(J)(J)Hn,HeHTbi Ci, C2, C3 H C4 — HeKOTopbie KOHCTaHTbi. Paa^ejiHB o6e CTopoHbi ypaBnenHa 
(fTT2D Ha M*{B,T = 0), h oGoana^B y = {T/{B - Bco)), nojiynaeM 

M*iB,T) i + (c2My 

M*(5) l + (c4/c3)y8/3' ^ ^ 

H3 ypaBHeHHfl (11131) cjie^yeT, hto noBe^eHHe 3(J)(J)eKTHBH0H Maccbi MoaceT 6biTb npe^CTaBjieno 
yHHBepcajibHoii (J)yHKii;HeH TOJibKO oflHoii nepeivieHHOH y. ^Jia y^oScTBa flajibHeiiniero ncnojib- 
30BaHHa nepennmeM (11131) KaK saBHCHMOCTb M*{B,T) ot TeivinepaTypbi: 



- M^(^iv) - CO-— (114) 

Sflecb M^{Ti^) HopMHpoBaHHaa 3(J)(J)eKTHBHaa Macca, MaKCHiviajibHoe aHaneHHe M*{B, T, x) 
KOTopoe 34)4)eKTHBHaa Macca flocTnraeT npn T = Tmax, h HopMHpoBaHHaa TCMnepaTypa T^r 
onpe^ejifleTCfl paBcncTBOM Tn = T/Tmax, BejiHHHna Cq = (1 + C2)/(l + Ci), Ci h C2 KOHCTanTbi, 
KOTopbie napaMCTpHsyiOT ^Hnojibnyio aMnjiHTy;],y Jlan^ay h onpe^ejiaiOTCH h3 noflroHKH skc- 
nepHMCHTajibEbix ;i;aHHbix. YpaBHeHHe (1114p naxoflHTca b corjiacnn c HHCJiennbiMH pemcHHaMH 
ypaBHCHHa JlaH;i;ay (l9Tll h OHpe;i;ejiaeT ynHBcpcajibHoe HOBe^eHHe HopMnpoBaHHoii 3(J)(J)eKTHB- 
Hoii Maccbi M^{Tn) CHJibHOKoppejinpoBaHHoii 4)epMH->KHflK0CTH HpH Hepexo;i;e h3 (1>>KJ1 b 
H<1>>K cocToaHHC [85l [27l [97l [98] . 3to noBe^eHne onpe^ejiacTca yKaaannbiMH Bbime Seapaa- 

MCpHblMH BCJIH^HHaMH, HOCKOJIbKy CHCTCMa b6jIH3H OKKOIl HC HMCCT BHeHIHHX XapaKTCpHblX 
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Phc. 35: Ko3(J)(J)Hii;HeHT TenjiOBoro pacmnpeHHa a{T) kek 4)yHKii;Ha TeMnepaTypbi b HHTepBajie 
0.1 < T < 6 K. 3KcnepHMeHTajibHbie aHaneHHa npn ypoBHax jiernpoBaHna x = 0.90,0.87 Bsa- 
Tbi H3 [96j. CnjioniHbie jihhhh npe;i;cTaBJiaiOT annpoKCHMaii;HH SKcnepHMeHTajibHbix SHaHeHHH 



niKaji fljifl H3MepeHHa T h M*. Ha pi4p bh^ho, ^to HMeeT Tpn pe>KHMa, noKaaanHbix na 
BCTaBKe Phc. [371 Hpn T/v ^ 1 cncTeivia Be;i;eT ce6a KaK (1>>KJ1. Hpn T/v ~ 1 naHHHaeTca ne- 
pexo;i;HbiH pejKHM, noKaaaHHbin niTpHxoBKoii: M^(T/v) pacTCT, flocTnraeT MaKCHMyivia M]^ = 1 
npH Tat = 1 h aaTGM nanHHaeT ySbiBaTb. Cjie^Bi <1>>KJ1 HC^eaaiOT npH Tjv > 1, Kor;],a 

/— rin — 2/3 rri — 1/2 

cnanajia yobiBaeT KaK , a saieM KaK . 

MarHHTHoe nojie bxo^ht b ypaBHenne pi 21) KaK OTHomenHe ^bB/T, noBTOMy TeMnepaTypa 



aBJiaeTca xapaKTepHoii TeMnepaTypoii nepexo^a h3 (1>>KJ1 b H(1>>K. S^ecb ai h 02 KoncTaHTbi, 
Hb MarneTOH Bopa. Otmcthm, ^to TeMnepaiypa nepexo^a T*(B) ne onpe^ejiaeT KaKoii-HHSyflb 
(J)a30BbiH nepexofl, noBTOMy ona CBaaana c ^obojibho niHpoKOH o6jiacTbio TeivinepaTyp, noKa- 
aaHHbix niTpHxoBKOH na BCTaBKe Phc. [37l h chjibho saBHCHT ot MCTO^a onpe^ejiCHHa. OGbihho 
T*[B) onpe;i;ejiaeTca h3 HSMepeHHii conpoTHBJiCHHa p{T) h cooTBCTCTByeT tohkc, r^e conpo- 
THBJieHHe HaHHHaeT OTRjionaTbca ot saBHCHMOCTH, xapaKTepnoH fljia (1>>KJ1. 

3KcnepHMeHTajibHbie SHaneHHa HopMHpoBaHHoii 3(|)(|)eKTHBH0H Maccbi M]^ npwe^^eHbi na 
Phc. [37l chjiohihoh jiHHHen noKaaana noflroHKa npn noMomn pi4p |97l I98| . KaK bh^ho h3 
pHcyHKa, ypaBHCHHe pi4p xopomo onncbiBaeT noBe^CHHe SKcnepHMCHTajibHOH M^, KOTopoe 
sacjiyjKHBaeT KOMMeHTapna. Ecjih 6bi KBa3HHacTHii;bi paapymajiHCb b nepexoflHofi o5jiacTH hjih 
B H(1>>K cocToaHHH, KaK 3T0 npeflnojiaracTca b pasHOoSpasHbix cii;eHapHax H(1>>K noBe^eHHa 
[H [m, [99l I100| . 34)4)eKTHBHaa Macca ne niviejia 5bi CMbicjia, h bmccto ee yHHBepcajibHO- 
ro noBe^CHHa, onHCbiBaeMoro (J)yHKn,HeH pi4p . aaBHcameii ot o^hoh nepeivieHHOH T/v, mm 6bi 
HMCJiH (J)yHKn,Hio OT ^CTbipcx nepeMeHHbix. /JencTBHTejibHO, ^ojiJKna aaBHCCTb ot T, 
ypoBHa jiernpoBaHHa x MCTajiJia h ot hjiothocth CHCTCMbi, nanpHiviep, ot hjiothocth x 2D ^He. 
OflHaKO noBeflCHHe SKcnepHMCHTajibHOH 3(J)(J)eKTHBH0H Maccbi, BbiaBJiCHHoe npn noMomH onn- 
caHHbix Bbime iviacniTaSHbix npeoSpaaoBanHii, nosBOJiacT naivi saKJiiOHHTb, hto KBa3HMacTHii;bi 




T*{B), 




(115) 
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Phc. 36: OaaoBaa ^narpaMMa T — B chjibho KoppejinpoBaHHOH BJieKTpoHHOH jkhakocth. Kpn- 
Baa Tn(B /Bco) npe;i;cTaBJiaeT aaBHCHMOCTb ot nojia B TeMnepaTypbi Heejia. Hepnaa TOHKa 
npH T = Tcrit, OTMe^eHHaa CTpejiKoii, — KpHTHnecKaa TeMnepaiypa, npH KOTopoii aHTH(|)ep- 
poMarHHTHbiii (J)a30BbiH nepexo^ BToporo po^a CTanoBHTca nepexo^OM nepBoro. Hpn T < Tcrit 
TOJiCTaa cnjioniHaa jiHHHa npe^CTaBjiaeT saBHCHMOCTb ot B TeMnepaTypbi Heejia, Kor^a AF 
(|)a30BbiH nepexofl cxaHOBHTca nepexo;i;oM nepBoro po^a. noBe;i;eHHe chjibho KoppejinpoBaHHofi 
jKHflKOCTH B oSjiacTH, OTMeHeHHOH 6yKBaMH NFL, xapaKTepnayexca SHTponneii S^fl, saflaHHofi 
ypaBHeHHeM f l89ll . JIhhhh, paaflejiaiomaa chjibho KoppejinpoBanHyio >Kii;],KOCTb (oSjiacTb NFL) 
II cjiaSo nojiapii30BaHHyio BJieKTpoHnyio >KHflKOCTb, HMeiomyio noBe;i,eHiie 4)epMii->KiiflK0CTH 
JlaH^tay ( oSjiacTb LFL), onncbiBaeTca (|)yHKn,iieH T*{B/Bco — 1) oc B / Bcq — 1. 

Jlan^ay ii 3(|)(|)eKTHBHaa Macca HBjiaioTca peajibHbiMii 4)H3iinecKiiMH o5T>eKTaMii KaK b O^KJl, 
TaK H B H<1>>K cocToaHHax. HeoSbiHHofi aBJiaeTca tojibko ciiJibHaa saBHCHMOCxb 3(J)(J)eKTHB- 
Hofi Maccbi OT HopMiipoBaHHOii TeMnepaTypbi, T.e. ot TeMnepaTypbi, MarnnTnoro nojia, ypoBna 
jiernpoBanna, njiOTnocTH cncTeMbi n ^pyrnx Bnemnnx napaMeTpoB. 

4.8. 06iii;He CBOHCTBa HH^yi^npoBaHHOH MarHHTHbiM nojieM 
<J)epMH-:acHflKOCTH JlaH/];ay b BTCII h Mexajijiax c TO. 

B nacToameM paa^ejie noKaaano, hto nn^yitHpoBannbin MarnnTnbiM nojieM nepexofl h3 ne- 
(|)epMH->KHflKOCTnoro cocToanna b (|)epMH->KHflKOCTnoe cocToanne b BbicoKOTeMnepaTypnoM 
CBepxnpoBo;i;HHKe Tl2Ba2Cu06-|_x anajiornHen nepexo^y, Ha6jiio;i;aeMOMy b MeTajiJiax c TajKe- 
jibiMH (jDepMHonaMH. Ha Pnc. [38l noKaaana TeMnepaTypa nepexo;i;a T*{B) h3 (1>>KJ1 b H<1>>K, 
nojiy^ennaa b naMepennax na ETCH Tl2Ba2Cu06+x |102| . Ha BCTaBKe noKaaanbi ananenna 
TeMnepaTypbi T^ax — T*(B), npn KOTopon hmciot MecTO MaKcnMyMbi C/T n AC BOcnpnnMnn- 
BOCTb, B aaBncHMOCTn ot nejinnnnbi MarnnTnoro nojia B; nsMepenna npoBO^njincB na MeTajiJie 
c TO YbRh2(Sio.95 Geo. 05)2, SjinsKoro no cbohm CBoncTBaM k YbRh2Si2 [6l I101| . 06e npaMbie 
JIHHHH, HOKaaaHHbie na BCTaBKe, npn nyjieBofi TeMnepaType npoxo^aT Mepea TOHKy Bco ~ 0.03 
T, cooTBeTCTByiomyio KBaHTOBofi KpHTHHecKOH TOHKe, naBeflennoH MarnnTHbiM nojieM [6l I101| . 
Ha pncynKa bh^ho, nTO b cooTBeTCTBnn c (11151) nee ^annbie xopomo onncbiBaiOTca jinnennon 
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Phc. 37: YnHBepcajibHoe noBe^enHe HopMnpoBanHoii 3(J)(J)eKTHBH0H Maccbi KaK (J)yHKn,HH nop- 
MHpoBaHHOH TeMnepaTypbi. /Jannbie HSBjie^enbi h3 HSMepenHii b MarnHTHbix nojiax B: Ten- 
jioeMKOCTH C H AC MarHHTHOH BOcnpHHM^HBOCTH Ha YbRh2 (Sio.95Geo.05) 2 [SJ I101| . BOCnpH- 
HMHHBOCTH Ha CeRu2Si2 l90j, TGHJioeMKOCTH Ha CePdi_xRhx Hpn X = 0.80 [87], h 3htpohhh 
5* 2D ^He Hpn hjiothocth x = 9.00 nm^ |93| . CnjioniHaa Jinnna — OHHcanHe npn homohi;h 
(I114p . Ha BCTaBKe noKaaano ynHBepcajiBHoe noBe^eHHe HopMnpoBanHoii 3(J)(J)eKTHBH0H Maccbi. 
IIItphxobkoh HOKaaana nepexoflHaa oSjiacTb ot (1>>KJ1 (LFL) k H(1>>K (NFL) noBeflenHio. 

(J)yHKn,HeH MarHHTHoro hojih. 

Ha Phc. [38l cjienyeT. hto KpHTHnecKoe HOJie i?c2 = 8 T, pa3pymaioni;ee CBepxHpoBOflHMOCTb, 
6jih3ko k KpHTHHecKOMy HOJiK) BcQ = 6 T, HOMeHi;aiOHi;eMy MeiajiJi b KBanTOByio KpHTHnecKyio 
TOHKy. 3to coBna^eHHe ne cjiynaiiHO, nocKOJibKy, KaK 5bijio noKaaano Bbime, cocToaHHe ch- 
CTCMbi c OK xapaKTepnayeTca CBepxHpoBOfl5iin,HM napaivieTpoM nopa^Ka k(p) h noTOMy HMeeT 

SojIbHIOe CpOflCTBO K CBepXHpOBO^HMOCTH |103l 11041 I27| . OflHaKO B MarHHTHblX HOJIHX B > BcO, 

KaK BH^HHO H3 Phc. [5], OK paapymaeTca, cncTeivia Hepexo;i;HT b (1>>KJ1, CBepxHpoBO,ii;aHi;aa Hi;ejib 
CTanoBHTca 3KCH0HeHH;HajibH0 MajiOH Hpn MajiOH KOHCTanTe CBaan A |105| . A oc exp— 1/A, 
^TO Be^eT npH ^ajibHeiimeM yBejinnenHH nojia k paapymeHHio CBepxnpoBO^HMOCTH. Ha na- 
mero paccMOTpenHa cjie^yeT, hto nojia Bco h Bc2 y^OBjieTBoparoT cooTHomenHK) Bc2 > Bco, 
T.e. MarHHTHaa KBanTOBaa KpHTH^ecKaa TOHKa jie>KHT BnyTpn hjih na Kparo B — T o6jiacTH, 
aanaTOH CBepxnpoBOflaineH (J)aaoH. OTivieTHM, hto b cjiynae CeCoIns, KaK bh^ho na Phc. [39l 
BcO — Bc2 — 5 T [34j, 3T0 paBcncTBO B^o — -Bc2 cnpaBCfljinBO h fljia CeCoIn5_xSnx npn x < 0.12 
|106| . OflHaKO no^i; BoafleflcTBHeM BHemnero flaBJienna paBcncTBO nepecTacT BbinojinaTbca, h 
Bc2 > BcO B cjiy^ae CeCoIn5 |107| . hto TaK>Ke nponcxo^HT h ^jia ^pyrnx MCTajiJiOB c TO, 
nanpHMcp, ^Jia CePd2Si2 |108) . SaivieTHM, hto npH cjiaSoH bcjih^hhc cnapHBaTCJibHoro Baan- 
Mo;i;eHCTBHa aHTH(J)eppoMarHHTHaa (|)aaa BbiTecnaeT CBepxnpoBOflHMOCTb h Bc2 = 0, KaK sto 
HMecT MCCTO B MCTajiJiax YbRh2Si2 h YbRh2(Sio. 95060.05)2, KOTopbie ne nepexo;i;aT b CBcpx- 
npoBOflamee cocToaHne npn MHHHMajibHbix flocTHJKHMbix TCMnepaTypax, a nojie Bco hmcct 
KoneHHoe ana^eHne [T3l [6l fTOT] . 

CoBna^CHHe kphthhcckhx anaHeHHii Bco — Bc2 bc^ct k npcBpameHHio CBcpxnpoBO^amero 
(J)aaoBoro nepexofla BToporo po^a b (J)aaoBbiH nepexofl nepBoro po;i;a b MarHHTHbix nojiax 6jih3- 
KHx K Bc2 H npH T < Tq, KaK noKaaano na Phc.[391 Hpn OTHOCHTCJibHO bmcokhx TCivinepaTypax, 
Korfla 4)a30BbiH nepexofl aBJiacTca nepexo;i;oM BToporo po^a, BHTponna h ;i;pyrHe TepMo;i;HHa- 
MHHCCKHe 4)yHKn,HH aBjiaiOTca nenpepbiBHbiMH (]3yHKn,HaMH npn TeMnepaType nepexo^a Tc{B). 
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Phc. 38: B—T (JjaaoBaa flHarpaMMa BTCH Tl2Ba2Cu06+x- HaiviepeHHa TeivinepaTypbi nepexo;i;a 
T*{B) H3 <1>>KJ1 B H<1>>K |102| noKaaaHbi KBa;i;paTaMH h KpyraiviH, npaiviaa Jinnna aaflana 4)op- 
Myjioii (IllSp H pa3;],ejifleT <1>>KJ1 (LFL) h H<1>>K (NFL). Ehhsj b jigbom yrjiy pncynKa CTpejiKH 
noKasbiBaiOT KpHTH^ecKoe nojie Bco = 6 T h KpHTH^ecKoe nojie Bc2 = 8 T, paapymaiomee 
CBepxnpoBO^HMOCTb. OSjiacTb, aanHTaa CBepxnpoBOflHMOCTbio |102) . OT^ejiena cnjiomnoH jih- 
HHeii H o5o3HaHeHa SyxBaMH SC. Ha BCTaBKe noKaaana Tmax — T*{B), HSMepenHa C/T h AC 
BOcnpHHMHHBOCTH npoBOflHJiHCb Ha YbRh2 (Sio.95 660.05)2 [6l ll01| . IlpaMbie jihhhh, nocTpoeHHbie 
no (J)opMyjie f lllSp . nepeceKaiOTca b tohkc Bco — 0.03 T. 

Ha SToro ycjiOBHa nenpepbiBHOCTH nojiynaeivi 



r^e Ssc SHTponHfl CBepxnpoBO^^ameii 4)a3bi h S'jvfl SHTponHH CHCTCMbi, Haxo;],HmeHCH b cocto- 
aHHH H(1>>K. HocKOJibKy Ssc{T — ^ 0) — 0, a S]\fFL{T 0) CTpeiviHTca k KoneHHOMy aHaneHHio 
So [27] , ypaBHeHHe 11161 ne mo^kct 5biTb y;i;oBJieTBopeHO npn ^ocTaTOHHO hhskhx TeMnepaiy- 
pax T < Tq. Cjie;i;oBaTejibHO, paccMaTpHBaeMbifi 4)a30BbiH nepexo^i; BToporo po^a CTanoBHTca 
nepexoflOM nepBoro po^a npH T = Tq, krk sto noKaaano na Phc. 1391 

CpaBHeHHe B — T 4)a30Bbix ^narpaMM Tl2Ba2Cu06-i-x h CeCoIns, noKaaanHbix na Phc. 
[38] H [39] cooTBCTCTBeHHO, yKasbiBacT na hx Sjihsoctb, hto HOSBOJiaeT saKjiioHHTb, hto, KaK 
H B cjiynae CeCoIns [271 I109| . npn hhskhx TCMnepaTypax h b CHJibHbix MarHHTHbix HOJiax 
CBepxHpoBo;i;aiH;HH (J)a30BbiH nepexofl b BTCH mojkct CTaTb nepBoro po^a, a flH(J)(J)epeHn;Hajib- 
Haa TyHHCJibHaa HpoBOflHMOCTb, aBjiaiomaaca acHMMeTpHHHoii (]3yHKn,HeH HanpajKeHHa, Kor^a 
CHCTCMa HaxoflHTca B HO^K pokhmc, CTanoBHTca CHMMeTpHHHoii (|)yHKn,HeH npn BOCCTanoB- 
jieHHH cocToaHHa O^KJl |27l 171) . OflnaKO Hat^,o hmctb b BH^y, hto b cjiynae Tl2Ba2Cu06+x 
KpHTHHecKHC HOJia HC coBna;i;aiOT, Bc2 > B^o, nosTOMy b nojiax B > Bc2 cnjiaB ;i;eMOHCTpHpyeT 
noBe;i;eHHe (1>>KJ1, hjich 5*0 oSnyjiaeTca, h ypaBHeHHe 1116! mojkct yflOBJiCTBopaTbca npn flo- 

CTaTOHHO HH3KHX TCMHCpaTypaX. 3tO oScTOaTCJIbCTBO MO>KeT BOCHpenaTCTBOBaTb HSMeHeHHK) 

THHa nepexo^a. 

Hpn HajioJKeHHH na cncTeiviy MarHHTHoro HOJia BOCCTanaBjiHBaeTca KBa^paTHnnaa saBH- 
CHMOCTb conpoTHBJieHHa OT TeivinepaTypbi: p(T) oc AT"^. Ko34)4)Hii;HenT A{B) onpe;i;ejiaeT 
3aBHcaiii;yio ot TeivinepaTypbi nacTb conpoTHBJienna, p{T) = po + Ap, r^e po — ocTaTonnoe 
conpoTHBJieHne n Ap = A{B)T'^. TaK KaK btot K034)4)Hii;HeHT nenocpeflCTBenno onpe;i;ejiaeTca 



SsciT ^ T,(5)) = Snfl{T T,{B)), 



(116) 
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Phc. 39: B — T (J)a30Baa flnarpaiviMa MeTajiJia c TO CeCoIns. rpaHHii;a pa3;i;ejia Me^K^y CBepx- 
npoBOflainen h HopiviajibHOH 4)a3aMH noKaaana cnjioniHofi jiHHHeii ;i;o KBa;i;paTa, r;i;e (J)a30BbiH 
nepexofl CTanoBHTCH nepexo^OM nepBoro po^a. HpH T < Tq 4)a30BbiH nepexo^ flBjiaeTCfl nepexo- 
flOM nepBoro po^a |119) . rpaHHn,a Me>Kfly CBepxnpoBOflHmeft h HopMajibHOH (|)a3aMH noKa3aHa 
niTpHxoBOH jiHHHen. CnjioniHaa npaMafl jihhhh, 3aflaHHafl (|)opMyjiOH pi5l) . c SKcnepHMen- 
TajibHbiMH TOHKaMH [92], noKa3aHHbiMH KBa;i;paTaMH, o6o3HaHaeT pa3fleji MejK^y J1(1>>K (LFL) 
H H<1>>K (NFL) cocToaHHeM. 



34)4)eKTHBHOH MaccoH [IIO], A{B) oc {M*{B)f, 

A{B)c^Ao + -^, (117) 

r^e H £) KOHCTaHTbi. Ha Phc. 1401 npHBe^ena no^roHKa npH noMomn (jjopMyjibi 1 1 1 71 ko9(|)(|)h- 
n,HeHTa A(B), nojiy^enHoro b H3MepeHHax na YbRh2Si2 (KBa^paTbi) h Tl2Ba2Cu06+x (Kpyra). 
KaK BHflHO H3 pHcyHKa, o6a Ha6opa SKcnepHivieHTajibHbix tohgr xopomo onncbiBaiOTca npn 
noMOinH 4)opMyjibi (11171) . KOTopaa 3aflaeT yHHBepcajibHoe noBe;i;eHHe A{B) b pejKHivie <1>>KJ1. 
HtoSm narjia^HO npo^eMoncTpHpoBaTb sto noBe^enHe, nepeiifleM k 5e3pa3MepHbiM BejiH^HHaM, 
npe^CTaBHB pi7p b bh^g: 

A(B) Dn , , 

v)\^ D]si = D/{AqBcq) — 6e3pa3MepHaa KOHCTanTa. H3 4)opMyjibi UllSfi cjie;i,yeT, ^to npH noMO- 
mH MacmTaGnoro npeo6pa30BaHHa 3Ha^eHHa K034)4)Hn,HeHTa A{B) ^jia BTCH Tl2Ba2Cu06+x 
H MeTajiJia c TO YbRh2Si2 MoryT 6biTb onncaHbi npn noMOinH 4)yHKii;HH, 3aBHcaiii;eH ot o;i;- 
HOH nepeivieHHOH h oflHoro napaivieTpa, ecjin cooTBeTCTByiomHe MarHHTHbie nojia H3MepaiOTca b 
e;i;HHHii;ax Bcq. /Jjia YbRh2Si2 -Bco — 0.66 T pL3], a fljia Tl2Ba2Cu06+x, KaK bh;i;ho h3 Phc. [38l 
Bco — 6 T. Ha BCTaBKC Phc. 1401 npHBe^eHbi HopMnpoBannbie na Aq flannbie ^,Jl5l Tl2Ba2Cu06+x 
(H0Ka3aHHbie KpyraMn) h ^jih YbRh2Si2 (KBa^paTbi). Chjiohihoh jiHHHeii H0Ka3aH pe3yjibTaT 
no^iroHKH npH noMoni;H (IllSp . KOTopbiH no3BOJiaeT naivi 3aKJiiOHHTb, hto BTCH h MCTajiJibi c 
TO flCMOHCTpHpyiOT o;i;HOTHnHoe noBe;i;eHHe b6jih3h KBaHTOBOH MarHHTHOH kphthhcckoh toh- 

KH BcO. 

TaKHM o5pa30M, mm H0Ka3ajiH, hto ^Ba pa3Hbix cnjiaba YbRh2Si2 h Tl2Ba2Cu06+x, xa- 

paKTepH3yiOn],HXCa pa3HbIMH MHKpOCKOHH^eCKHMH CBOiiCTBaMH H HpHHaflJie>Kan],HX K pa3HbIM 
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Phc. 40: Ko3(|)(|)Hn,HeHT A{B) noKaaan KBaflpaTaMH ^jih YbRh2Si2 fT3], KpyraMH ^jih 
Tl2Ba2Cu06+x |102| . cnjioniHbie jihhhh — noflroHKa c noMombio (I117p . BcTaBKa: HopMnpoBan- 
HbiH K03(J)(J)Hii;HeHT A{B) / Aq KaK (|)yHKii;H5i HopMHpoBaHHoro MarHHTHoro nojia B/Bco- Cnjiom- 
Haa jiHHHa aaflana (|)opMyjiOH (11180 . 

KjiaccaM CHjibHOKoppejiHpoBaHHbix (|)epMH-CHCTeM — BTCn H MCTajiJiaM c TO, hmgiot o^- 
Hy H Ty me MarHHTHyio KBaHTOByio KpHTH^ecKyio TOHKy, CBHsaHHyio c (JjepMH-KOH^encaTHbiM 
KBaHTOBbiM 4)a30BbiM nepexoflOM. HosTOMy 3tot nepexo^i; MOJKeT pacciviaTpHBaTbca KaK ynn- 
BepcajibHaa npHnnna CHJibHOKoppejinpoBaHHoro noBeflenHa, naSjiioflaeMoro b caivibix pasjiHH- 
Hbix MCTajiJiax H jKHflKOCTax, TaKHx KaK BbicoKOTeivinepaTypHbie CBepxnpoBO^HHKH, MeTajiJibi 
c TajKejibiMH 4)epMH0HaMH H ^ByMepHbie 4)epMH-CHCTeMbi. 

4.9. AcHMMexpHHHaa npoBO^HMOCTb chjibho Koppejinpo- 
BaHHbix MexajijiOB. 

B 3KcnepHMeHTax na MeiajiJiax c TO nccjie^yiOTca, rjiasHbiM oSpaaoM, hx TepMOflHHaMH^e- 
CKHe CBoiicTBa. BbiJio 6bi jKejiaTejibHO Hsy^aTb TaKne CBoficTBa KoppejinpoBaHHbix sjieKTpoH- 
Hbix jKH;i;KOCTeH, KOTopbie onpe^ejiaiOTca 4)yHKii;HeH pacnpe^ejieHna KBasHHacTHii; n(p, T), a 

He TOJIbKO nJIOTHOCTbK) COCTOaHHH HJIH nOBe;i;eHHeM 3(|)(|)eKTHBH0H Maccbi M* |llll [71] . CKaHH- 

pyiomaa TynnejibHaa MHKpocKonHa h KOHTaKTHaa cneRTpocKonna, tgcho CBaaaHnaa c An^pe- 

GBCKHM OTpa>KeHHeM |112l 1113] , Sy^y^H nyBCTBHTejIbHblMH K njIOTHOCTH COCTOaHHH H (J)yHKn,HH 

ra(p, T), onpe^ejiaiomeH BepoaTHOCTb sanojineHHa KBasHHacTHHHbix cocToaHHH, asjiaiOTca H^e- 
ajibHoii TexHHKoii j^jisi Toro, HTo6bi naynaTb anoMajibHoe noBe;i;eHHe chjibho KoppejinpoBannbix 
(J)epMH-CHCTeM, onpe;i;ejiaeMoe (|)yHKii;HeH ?T,o(p, T) h BHTponneii 5*0. 

4.9.1. HopMajibHoe cocToaHHe. 

TyHHejibHbiii tok I ^epea TOHenHbiii KOHTaKT ueyKpj ;i;ByMa oSbiHHbiMH MCTajiJiaMH npo- 
nopii;HOHajieH npnjiojKeHHOMy nanpajKeHHio V h KBa^paTy MOflyjia KBaHTOBOMexaHHHecKoii aivi- 
njiHTyflbi nepexo;i;a t, yMHOJKeHHofi na pasHOCTb A^i(0)A^2(0)(ni(p, T) — n2{p,T)) |114| . 3;i;ecb 

-^1,2(0) — njIOTHOCTH COCTOaHHH COOTBeTCTByiOn],HX MCTajIJIOB. C flpyrOH CTOpOHbl, BOJIHOBaa 

(J)yHKn,Ha, BbiHHCJieHnaa b HpH6jiH>KeHHH BKB h onpe^ejiaiontaa aMHjiHTy^y t, HpoHopn,HO- 
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HajibHa {Ni{0)N2{0))^^^'^. B peayjibTaTe njiOTHOCTb coctojihhh Bbina;i;aeT h3 OTBeTa, h Tyn- 
HejibHbiH TOK CTanoBHTca HeaaBHCHMbiM OT A^i(0)A'"2(0). YHHTbiBaa, hto npn T — pacnpe- 
fl^ejienne n{p,T ^ 0) ^ (^{pf —p), r^e 6{pf — p) — CTyneHnaTaa ^jhkujis, mojkho npoBe- 
pHTb, ^TO B paMKax TeopHH (|)epMH->KHflKOCTH JlaH^ay flH4)4)epeHn,HajibHa5i TyHHejibnaa npo- 

BO^HMOCTb (JdiV) = dl/dV SBJiaeTCa CHMMeTpH^HOH HJIH HGTHOH 4)yHKn,HeH HanpfljKeHHa V. 

OaKTH^ecKH, CHMMGTpHa co6jiiOflaeTca npH ycjiOBHH cymecTBOBanHa chmmctphh ^bipKa- 

KBa3HHacTHii;a, KOTopaa ecTb b TeopHH 4)epMH->KHflK0CTH JlaH^ay. HoBTOMy najiHHHe CHMivieT- 
pHH (JdiV) BecbMa OHeBHflHO H ecTecTBeHHO B cjiynae KOHTaKTOB MeiajiJia c MeTajiJiOM, Kor^a 

OHH SBJIHIOTCH oSbl^HblMH H HdtXO^^SlTCil B HOpMajIbHOM HJIH CBepXHpOBOflHmeM COCTOflHHHX. 

PaCCMOTpHM TyHHejIbHblH TOK HpH HH3K0H TCMHepaType, KOTOpblH flJIfl oSblHHblX MCTajIJIOB 

^aexcH Bbipa>KeHHeM |113l I114| 

I{V) = 2\t\^ J [n{e -V)- n{e)] de. (119) 

Mbi HCHOJibsyeM aTOMnyio CHCTeMy e^Hnnn,: e = m = h = l'a HopMHpyeM aMHjiHTy^y nepexo^a 
Ha eflHHHH;y, |tp = 1. TaK KaK TeiviHepaTypbi Majibi, annpoKCHMnpyeM 4)yHKH;Hio pacHpe;i;ejieHHa 
oSbiHHoro MCTajiJia n{e) CTyneHnaTOH (|)yHKH;HeH 6{jj, — e) h HOJiynaeivi h3 ypaBHenna (IllOp 
I{V) = a^V, TaK HTO flH4)4)epeHn,HajibHaH npoBOflHMOCTb crd{V) = dl/dV = ai = const ecTb 
CHMMeTpHHHaa 4)yHKn,HH HpnjiojKeHHoro HaHpa>KeHHfl V. 

HtoSm paccMOTpeTb KOJiH^ecTBenHO HOBe^eHHe acHMMeTpn^HOH ^acTH hpoboahmocth ad{V), 
HpoflH(J)(J)epeHH;HpyeM o5e CTopoHbi ypaBHenna (11201) ho h HOJiynnivi ypaBHenne j^jisi npoBO- 

flHMOCTH (Jd{V) 

ad = - I n{e{z)-V,T){l-n{e{z)-V,T))^dz, (120) 



T J ' ' ' ' ' ' ' ' ''dz 

B noflbiHTerpajibHOM BbipajKenHH O120p mm bshjih b KanecTBe nepeMeHHofl SeapasMepHbiii hm- 
nyjibc z = p/pf bmgcto e, nocKOJibKy b cjiynae chjibho KoppejinpoBanHOH sjigktpohhoh jkh^- 
KOCTH n{e) yjKe ne aBJiaeTca (J)yHKii;HeH nepeivieHHOH e, a saBHCHT ot HMnyjibca, KaK 3to bh;i;ho 
H3 Phc. [H ^eiicTBHTejibHO, nepeMGHHaa e b HHTepBajie {pf — Pi) paBna /i, a (J)yHKii;Ha pac- 
npe;i;ejieHHa KBasHHacTHii; HSivieHaeTca b stoh oSjiacTH. Ha ypaBHenna (11201) nocjie HecjiojKHbix 
npeoSpaaoBaHHH nojiy^aeM, hto acHMMeTpHnnaa nacTb ^adiV) = {crd{V) — ad{—V))/2 p^n^- 
(|)epeHn,HajibHOH bpobo^hmocth paBna 



AadiV) 



1 f a(l-a^] 



2 J [n{z,T) + a[l-n{z,T)] 



2 



dn{z,T) l-2n{z,T) 

dz [an{z,T) + [l-n{z,T)]f ' ^^^^^ 

3;i;ecb a = exp(— \^/T). 

AcHMMeTpHHHyK) TyHHejibHyK) npoBO^HMOCTb MOJKHO HaSjiro^aTb B H3MepeHHax Ha Me- 
TajiJiax, sjieKTpoHHaa CHCTeMa KOTopbix coflep>KHT OK. K TaKHM MeTajiJiaM mo>kho othgcth 
BbicoKOTeivinepaTypHbie CBepxnpoBo;i;HHKH h MeTajiJibi c TO, nanpHMep, YbRh2(Sio.95Geo.o5)2, 
CeCoIns hjih YbRh2Si2. HaiviepeHHa cjie^yeT npoBo;i;HTb, Kor;i;a MeTajiJi c TO Haxo;i;HTca b 
CBepxnpoBOflameM hjih HopMajibHOM cocToaHHax. Ecjih MeTajiJi naxo^HTca b HopiviajibHOM co- 
CToaHHH, TO H3MepeHHa Aad{V) MoryT BbiHOJiHaTbca b MarHHTHOM HOJie B > Bco npn TCMnepa- 
Typax T*{B) < T < Tf, hjih 5e3 MarHHTHoro HOJia npn TeMnepaTypax Bbime cooTBeTCTByiomen 
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KpHTHHecKOH TeMnepaTypbi, Kor^a sjieKTpoHHaa CHCTCMa Haxo;i;HTca b napaiviarHHTHOM cocto- 
5IHHH H ee noBe;i;eHHe onpe^ejiaeTca SHTponneH Sq. Otmcthm, hto npn ^ocTaTOHHO hhskoh 
TCMnepaType T < T*{B) HajioaceHHe MarHHTHoro nojia B > Bco BefleT k BOCCTanoBJieHHio 
noBe^eHHa 4)epMH->KHflK0CTH Jlan^ay c M*(B), onpe^ejiaeMoii ypasHeHHeM (4.5), h acHMMeT- 
pH^Hoe noBe^eHHe flH(J)(J)epeHn,HajibHOH npoBO^HMOCTH HcneaaeT I71|. 

\ T(K) ] 




Voltage (mV) 

Phc. 41: /lH(J)(J)epeHn,HajibHafl npoBO^HMOCTb ad{V), HSMepeHHaa b cjiynae Tone^Hbix KOHTaK- 
TOB Au/CeCoIns- rpa4)HKH 4)yHKn,HH (Jd{V) c^BHHyTbi b^ojib BepTHKajiBHoii och Ha 0.05. Hpo- 
Bo;i;HMOCTb HopMHpoBaHa Ha SHaneHHe hpobo;i;hmocth npn -2 mV. AcHMMeTpna CTanoBHTca 
aaivieTHOH npn TeivinepaType T < 45 K h BoapacTaeT c yMeHbinenHeM TeivinepaTypbi |115| . 

He;i;aBHHe HSiviepeHHa ;i;H4)4)epeHii;HajibHOH npoBOflHMOCTH, npoBeflennbie na CeCoIns b tgx- 
HHKe cneKTpocKonHH c Tone^HbiMH KOHTaKTaMH |115| . narjia^HO bbihbhjih acHMMeTpnio flHcJ)- 
(|)epeHn,HajiBHOH npoBo;],HMOCTH B CBepxnpoBO^ameM (Tc = 2.3 K) h HopMajiBHOM coctohhhhx. 
PeayjiBTaTBi HSMepenHii npHBe^enbi na Phc.I41[ KaK bh^ho h3 Phc. 1411 ad{V) bohth nocToanna, 
Korfla MCTajiJi c TO naxoflHTca b CBepxnpoBo;i;aiii;eM cocToaHHH, ona ne HcnbiTbiBaeT saMeTHoro 
HSMeneHHa b5jih3h T^, aaTCM, c pocTOM TeivinepaTypbi, mohotohho ySbiBaeT |115| . PeayjibTaTbi 
BbiHHCJieHHH acHMMeTpHHHOH HacTii A(jrf(l^) npoBOflHMOCTH (JdiV) no (I12ip npiiBe;i;eHbi na Piic. 
[42l /l^Jia BbiHHCJieHHa (J)yHKii,HH pacnpe^ejienna n{z, T) iicnojibsoBajica (J)yHKii,HOHaji f l23ll . napa- 
Meipbi /3 = 3h(7 = 8. B 3tom cjiynae {pf—Pi)/pF — 0.1. KaK bh^ho h3 Phc. [42], acHMMCTpHnnaa 
nacTb HpoBo;i;HMOCTH Aad{V) jiHHeiiHO aaBHCHT ot V npn iviajibix SHaneHHax HanpajKenHa h 

ySblBaCT C pOCTOM TCMnepaTypbl HTO COOTBCTCTByeT HOBeflCHHIO SKCHepHMCHTajIbHblX KpHBblX, 

HOKaaaHHbix na BCTaBKC Phc. [42l 

riojiyHHM oii,eHOHHyio (|)opMyjiy ^jia anajinaa acHMMeTpHHHoii nacTH ;],H(|)4)epeHii,HajibH0H 
HpoBo;],HMOCTH. KaK cjic^ycT H3 ^210 . HpH Majibix BejiHHHHax HaHpa>KeHHa V acHMMeTpHHHaa 
nacTb Be^CT ce5a KaK Aad{V) oc V. Sflecb yiviecTHO naHOMHHTb, hto acHMMCTpHnnaa nacTb Tyn- 
HejibHoii HpoBo;i;HMOCTH aBJiacTca neneTHOH (|)yHKii;HeH V, HOSTOMy Aad{V) ;i;oji>KHa McnaTb 
3HaK HpH HSMeneHHH 3HaKa HaHpajKCHHa: Aad{V) cx V. EcTecTBCHHOH e;i;HHHii;eH ^Jia naiviepe- 
HHa HaHpajKCHHa anjiaexca 2T, nocKOJiBKy sxa Bejinnnna onpe^ejiaex xapaKTepnyio aneprHio 
fljia OK, KaK 3T0 bh^ho h3 ypaBHCHHa Eq = AT. OaKTiinecKH, aciiMMeTpHnnaa nacxb ^ojiJKHa 
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Phc. 42: AcHMMGTpH^Haa npoBO^HMOCTb Aad{V) kslk (J)yHKn,Ha HopMnpoBanHoro na /i, V/fx, 
npHBe^ena ^Jia Tpex SHaneHHii HopMHpoBaHHoii na n TeMnepaTypbi, T//i. SnaHeHHa nopMHpo- 
BaHHOH TeMnepaTypbi npHBe;i;eHbi b BepxneM jieBOM yrjiy pncyHKa. AcHMMeTpHnnaa npoBo;i;H- 
MOCTb, nojiyMeHHaa h3 ;i;aHHbix npHBe;i;eHHbix na Phc. 9.2, noKaaana na BCTaBKe BHHsy. 



SbiTb nponopn,HOHajibHa oSjiacTH, aaHHToii {pf —Pi)/pF 'I'K: 

AadiV) ~ c—-— ^ c— . (122) 

^ ' 2T Pf 2Txfc 

S^ecb, Sq/xfc ~ {Pf ~Pi)/PF — He aaBHcamaa ot xeMnepaxypbi ^acTb BHTponnn (cm. ypaB- 
HCHHe (1891)). c — KOHCTaHxa nopa^Ka e^HHHn,bi. Sia KOHCTanTa MOJKex Sbixb oiteHena nyiCM 
Hcnojib30BaHHa anajiHTH^ecKH pemacMbix MO^ejien. HanpHMcp, Bbi^HCJiCHHa c b paMKax npo- 
CTOH Mo;i;ejiH c 4)yHKii;HOHajiOM Jlan^ay E[n{p)\ BH;i;a |24| 

flaiOT c ~ 1/2. Ha ypaBHCHHa (11221) cjie^yex, ^to Kor^a V ~ 2T h OK sanHMaex aaMCTHyio 
^acTb o6T>eMa OepMH, {pf —pi)/pF — 1, acHMMexpHnnaa nacxb cxaHOBHTca conocTaBHMoa c 
;i;H(J)(J)epeHii;HajibHOH TyHHCJibHOH npoBo;i;HMOCTbio Aarf(y) ~ VdiV). 



4.9.2. CBepxnpoBOflamee cocToaHHe. 

TyHHCJibHaa npoBO^HMOCTb MoaccT ocTaBaTbca acHMMexpaHHOH, Kor;],a BbicoKOTCMnepa- 
TypHbiH CBepxnpoBO^iHHK HJiH paccMaTpHBacMbiH MCTajiJi c TO nepexo^naT h3 HopMajibHoro 
B CBepxnpoBOflamee cocToaHne. IlpHHHHa SToro coctoht b tom, hto (J)yHKii;Ha no(p) CHOBa 
onpeflCJiaeT ;i;H(|)(|)epeHii;HajibHyio npoBO^nHMOCTb. KaK mm bhacjih b pa3;i;ejie , no(p) saMCTHO 
He HCKaacaexca cnapHBaTejibHbiM BaaHMO^eacTBHeM, KOTopoe aBjiaexca OTHOCHxejibHO cjia6biM 
no cpaBnennio c BaanMO^encTBHeM Jlan^ay, (J)opMnpyion],nM 4)ynKn,nio pacnpe^ejienna no(p). 
HoBTOMy acHMMCTpnanaa aacxb npoBO^HMOCTn noaTn ne nsMcnaexca npn T < T^, hto naxo- 
flHTca B corjiacnn c BKcnepnMenTOM, cm. PncHll Hpn Bbiancjiennn npoBOflHMOCTH, nsMepaeMon 
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npH noMomH TyHHejibHoro MHKpocKona, neoSxoflHMO ynecTb, hto njiOTHOCTb cocToaHHH, 

iV.(E) = iV(.-/.)-^=^, (124) 

onpe^ejifleT npoBO^HMOCTb, KOTopaa npH < |A| paBna nyjiio. S^ecb E — aneprHH KBasH^a- 
CTHii;bi, 3a;i;aHHaa cooTHomeHneM 

^(p) = v/e(p)+A2(p), (125) 

r^e ^(p) = e(p) — /i, A(p) — CBepxnpoBO^amafl mejib n e — fx = \/ E'^ — A^. Ha ypaBnenHa 
(|124p cjieflyeT, hto TyHHejibnaa npoBOflHMOCTb MOxceT SbiTb acHMMeTpHHHoii, ecjiH njiOTHOCTb 
cocToaHHH N{e) acHMMeTpn^Ha no OTHomeHHio k (J)epMH-ypoBHio |116| . KaK 3to nivieeT mgcto 
B cjiynae chjibho KoppejinpoBannbix 4)epMH-CHCTeM c OK. HaniH Bbi^HCJienHH njiOTHOCTH co- 
CTOflHHH, ocHOBaHHbie Ha MO^ejibHOM 4)yHKn,H0Hajie (1661) h c tgmh >Ke napaivieTpaMH, KaKHe 

HCnOJIb30BajIHCb npH BblHHCJieHHH npOBO^HMOCTH Aad{V), npHBe^GHHOH Ha PhC. 1421 HOflTBep- 

jK^aiOT 3T0T BbiBO^i;. Ha Phc. [431 npejCTaBJienbi BbiHHCJieHHa hjiothocth cocToaHnii N{^,T). Ha 




Phc. 43: HjiOTHOCTb cocto5ihhh N{^,T) KaK 4)yHKn;H5i nepeMGHHOH ^ = {e — jj)/ jj,^ BbinHCJien- 
Haa npH Tpex SHaneHHax HopMnpoBaHHoii na /i TeivraepaTypbi T. SnaHeHHa HopMHpoBaHHoii 
TeMnepaTypbi noKaaanbi b npaBOM BepxneM yrjiy pncyHKa. 

Phc. [43] bh^ho, hto iV(^, T) cyni;ecTBeHHO acHMivieTpHHHa OTHOCHTejibHO ypoBHa OepMH. Ecjih 
paccMaTpHBaeMaa cncTeivia Haxo;i;HTca b CBepxnpoBo;i;ani;eM cocto5ihhh, to SHaneHHa Hopivinpo- 
BaHHOH TGMHepaTypbi, HpHBefleHHbie b npaBOM BepxneM yrjiy Phc. [43l mojkho CBaaaTb c Ai. 
HpHHHMaa BO BHHMaHHe, HTO Ai ~ 2Tc, HOJiynacM 2T / ji ~ Ai/yU. Tax KaK N(^,T) acHM- 
MeTpHHHa, nepBaa HpoH3Bo;],Haa dN{^,T)/d^ y (J)epMH-ypoBHa ne panna nyjiro, h npa Majibix 
3HaaeHHax ^, iV(^,T) mojkct SbiTb aanncana KaK N{^,T) ~ + cti^. Ko3(|)(|)Hii;HeHT ao ne 
flacT BKJia;i;a b acHMMeTpHnnyK) nacTb. Aad{V), omcbh^^ho, onpe;i;ejiaeTca K03(J)(J)Hii;HeHT0M ai, 
KOTopbiH ai oc M*(^ = 0). B cbok) oaepe;i;b, M*(^ = 0) onpe;];ejiaeTca cooTHomeHneM 

M*FC ^ PF^f^■ (126) 
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B peayjibTaTe h3 ypaBHeHna (11241) nojiynaeM: 



AcTd(r) ~ Ci 



V So 
A\ xfc 



(127) 



nocKOJibKy {pf ~Pi)/pF — Sq/xfc, sneprHio E saMenaeM na V^, h ^ = ^/V^ — A^. B (I127P 
BHTponHa 5*0 OTHOCHTCfl K HopMajibHOMy cocTOflHHK) MCTajiJia c TO. Otmgthm, hto p27p no 
cyTH coBna^aeT c (11221) . ecjiH y^TeM, hto xapaKTepnafl sneprna Eq ^jia CBepxnpoBO^amero 
cocToaHHa onpe;i;ejiaeTca paBencTBOM : 



H He saBHCHT OT TeMnepaTypbi. Hpn HsyHeHHH ynnBepcajibHoro noBe^eHna acHMMeTpHHHOH 
npoBo;],HMOCTH 4)opMyjia (11271) y;],o6Hee, hgm pac^eTbi, ocHOBannbie na (jDopiviyjie (11241) . Ha 
(J)opMyji p22p H (11271) cjie^yeT, ^to HSMepenHa TpancnopTHbix cbohctb (acHMMeTpH^Hon ^a- 
CTH npoBo;i;HMOCTH) no3BOJiaiOT onpeflejiaTb TepMOflHHaMHMecKne CBoncTBa HopiviajibHOH (J)a3bi, 
CBaaaHHbie c BHTponneii 5*0. Ha ypaBneHna (|127p bh^ho, mto acHMivieTpHHHaa MacTb flH(J)(J)e- 
peHii;HajibHOH TyHHejibHofl npoBO^HMOCTH CTanoBHTca cpaBHHMon c flH(J)(J)epeHii;HajibHOH Tyn- 
HejibHOH npoBO^HMOCTbK) npH V ~ 2|A|, ecjiH OK aaHHMaeT aaivieTHyio ^acTb oS^beivia OepMH, 
{p f — Pi) / Pf — ^ ■ ^ cjiynae (i-BOJinoBOH CHMMeTpHH mejin npaBaa ^acTb (11271) ^ojiJKHa SbiTb 
ycpe^Hena no pacnpe;],ejienHio mejin A(0), r^e — yroji. 3Ta npon,eflypa ne npeflCTanjiaeT 
Tpyfla H CBO^iHTca k nepeonpe;i;ejieHHio BejiHHHHbi ni;ejiH hjih KOHCTanTbi Ci. B peayjibTaie (I127P 
6y;i;eT npHMennMO h npn V" < Ai, r;i;e Ai — MaKCHMajibHoe aHaneHHe (i-BOJiHOBoii ni;ejiH |lllj . 
Hpn An^peencKOM OTpajKennn, Kor^a tok OTjinnen ot nyjia npn jiioSmx Majibix ananennax V , 
(i)opMyjia (I127p npHMennivia npn ^ < Ai n b cjiynae s-bojiboboh ntejin. 

Heo^nopo^nocTb b njiOTnocTH pacnpe^ejienna sjieKTponoB b Bi2Sr2CaCu208+x Sbijia o6- 
HapyiKena b HHSKOTeivinepaTypHbix HSMepeHnax c HcnojibaoBaHneM TyHHejibHoii MnKpocKonnn 
H cneKTpocKonHH |117| . 3Ta Heo;i;HopoflHOCTb npoabJiaeTca KaK npocTpancTBeHHoe HSMeHeHHe 
B jiOKajibnoH njiOTnocTH cocToannn b bhsko snepreTnnecKon nacTn cnexTpa n b Bejinnnne 
CBepxnpoBO^amen ntejin. Heo^nopo^nocTb, naSjiiOflaeMaa b nnTerpajibnon jioxajibnon njiOT- 
nocTH cocToannn, BbiSBana ne nprnvtecaivin, a CBoiicTBenna npnpo^e cncTeMbi. HaSjiiOflenna 
no3BOJiHJiH CBaaaTb BejinHnny HHTerpajibHon JiOKajibHon hjiothocth cocToaHnii c KOHn;eHTpa- 
n;HeH x jiOKajibHbix floSabOK KHCJiopo^a. HpocTpaHCTBennbie HSMeneHHa cneKTpa TyHHejibHon 
flH(i)(i)epeHn;HajibHOH npoBo;i;HMOCTH noKaaanbi na Phc. [HI h3 KOToporo bh;i;ho, hto TyHnejib- 
naa flH(J)(J)epenn,Hajibnaa npoBO^HMOCTb cnjibno acHMMGTpnnna b CBepxnpono^anteM cocToannn 
coe^nnenna Bi2Sr2CaCu208+x- Tynnejibnaa fln4)4)epenn,Hajibnaa npono^nMOCTb, noKaaannaa 
na Phc. [44l mojkgt pacciviaTpHBaTbca KaK HSiviepeHHaa npn pasHbix anaHeHHax Ai(a;), no npn 
oflHOH H TOH jKe TGMnepaType, hto nosbOJiaeT naynHTb aabncHMOCTb AadiV) ot bejiHHHHbi 
Ai(x). Ha Phc. [451 npHbe^enbi rpa4)HKH acHMMCTpHnnoH npobOflHMOCTH, HOJiynenHbie h3 flan- 
nbix, noKaaannbix na Pnc. [44l Bn^no, hto npn Majibix ananennax V n b cootbctctbhh c p27p 
A(T(i(V^) ecTb jinneiinaa (J)ynKn,na nanpajKcnna, a naxjion cooTBCTCTByiomnx npaMbix jinnnn 
Ao"d(V^) oSpaTHO HpoHopH;HOHajieH BejiHHHne Hi;ejiH Ai. Bejinnnnbi Ai yKaaanbi b ho^hhch k 
Phc. SH Ha Phc. [46l noKaaano HSMeneHHe acHMMCTpHHHOH nacTH hpobo^hmocth AadiV) c po- 
CTOM TCMnepaTypbi. HsMepenHa Smjih npoBeflenbi na YBa2Cu307_x/Lao.7Cao.3Mn03 c Tc ^ 30 
|118| . Bn^no, hto npn T < Tc n b o6jiacTn jinnennon sanncnMOCTn ot V, Aad{V) cjia6o aa- 
BncHT OT TCMnepaTypbi, TaKoe noBC^enne cooTBCTCTBycT p27p . Hpn T > Tc, naxjion npaMbix 




(128) 
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-100 -50 ' 50 ' 100 

Bias (mV) 



Phc. 44: HpocTpaHCTBeHHoe HSMeneHHe cneKTpoB TyHHejibHofl flH(J)(J)epeHii;HajibHOH npoBo;i;H- 
MOCTH, H3MepeHH0H Ha Bi2Sr2CaCu208+x- KpHBbie 1 h 2 OTHOCHTca K oSjiacTSM, r^e hhtg- 
rpajibHaa jiOKajibHaa njiOTHOCTb coctohhhh ABjiiieTCfl o^enb MajiOH. HHSKaa flH(|)(|)epeHn,Hajib- 
Hafl npoBO^HMOCTb H OTcyTCTBHe CBepxnpoBOflHmeii mejiH hbjihiotch noKaaaTejiHMH naojiHTopa. 
KpHBaa 3 cooTBeTCTByeT SojibinoH mejiH BejiHHHHOH 65 meV co cjiaSo BbipajKeHHbiMH nnKaiviH. 
HHTerpajibHaa BejiHHHHa jiOKajibHofl njiOTHOCTH cocto5ihhh fljia kphboh 3 sBJiaeTca Majioii, ho 
6ojibme, HGM j^jisi kphbmx 1 h 2. KpHBaa 4 — ^Jia ni;ejiH pa3MepoM 40 meV, TaKaa BejiHHHna 
HBjiaeTca 6jih3koh k cpe^neH BejiHHHHe pacnpe^ejieHHa mejieii. KpHBaa 5 cooTBeTCTByeT MaK- 
CHMajibHOH HHTerpajibHOH jiOKajibHoii HjiOTHOCTH cocToaHHH H HaHMGHbrneH n],ejiH 25 meV h 
HMeeT ;i;Ba ocTpbix KorepenTHbix HHKa |117| . 

ynacTKOB rpa(J)HKOB Aad{V) ySbiBaeT c pocTOM TeiviHepaTypbi, bto HOBe^eHne BOCHpoHSBOflHTca 
(J)opMyjiOH (1122p . MojKHO aaKjiio^HTb, ^to OHHcaHne ynnBepcajibHoro noBe^enHa acHMMeTpHH- 
HOH ^acTH npoBO^HMOCTH AffdiV) npH noMomH (J)opMyji (11221) H (11271) naxo^HTca b xopomeM 
corjiacHH c SKcnepHMGHTaMH, npe^CTaBjieHHbiMH na Phc. (1421 1451 h 1461). 
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Bias (mV) 



Phc. 45: AcHMMeTpH^Haa nacTb Aad{V) TyHHejibHoii flH4)4)epeHn,HajibHOH npoBO^HMOCTH, h3- 
Mepennaa na BTCH Bi2Sr2CaCu208-i-x h HSBjieneHHaa h3 ^annbix, npHBe^enHbix na Phc. [44l 
noKaaana KaK 4)yHKn,Ha nanpajKenHa V (mV). HoMep rpa(J)HKa, npe^CTabjiaiomero acHMMei- 
pHHHyio MacTb, cooTBeTCTByeT HOMepy rpa(J)HKa na Phc. SH h3 KOToporo Gbijih HOJiyneHbi 
flaHHbie fljia HOCTpocHHa BToro rpa(J)HKa. 

4.10. BbiBo^bi H saKjiioHeHHe. 

B flOKJiafle paccMOTpena Teopna (J)epMH-KOH;i;eHcaTHoro KBanTOBoro (J)a30Boro nepexo;i;a 
H ero BjiHaHHe na CBoiicTBa paajiH^Hbix (|)epMH-CHCTeM. HpeflCTaBjieHO snaaHTejibHoe hhcjio 
CBHfleTejibCTB, ocHOBaHHbix KaK na TeopeTH^ecKHx HCCJieflOBanHax, TaK h na KOMnbiOTepHbix 
SKcnepHMGHTax, B no;],;],ep>KKy ero cymecTBOBanna. HpofleMOHCTpHpoBaHO, hto MHoro^HCJien- 
Hbie SKcnepHMeHTajibHbie (J)aKTbi, coSpaHHbie b HCCJieflOBannax pasHOoSpasHbix MaTepnajiOB, 
TaKHx KaK BbicoKOTeivinepaTypHbie CBepxnpoBOflHHKH, MeTajiJibi c TajKejibiMH (J)epMHOHaMH h 
KoppejiHpoBaHHbie ^ByiviepHbie (J)epMH-CTpyKTypbi, MoryT SbiTb oS^bacHeHbi b paMKax TCopHH, 
ocHOBaHHoii na cj^epMH-KOH^eHcaTHOM KBanTOBOM 4)a30BOM nepexo^e. 
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Phc. 46: TeMnepaTypnafl aaBHCHMOCTb acHMMeTpHHHoii nacTH AadiV) cneKTpoB npoBO^H- 
MOCTH, nojiyneEHbix b HSiviepeHHax na YBa2Cu307_x/Lao.7Cao.3Mn03 b paiviKax KOHTaKTHOii 
cneKTpocKonHH, KpHTH^ecKaa TeivinepaTypa ~ 30 |118| . BejiHHHHw TeMnepaTyp, npn koto- 
pbix npoBo;i;HJiHCb HSMepeHna, npHBeflenbi b BepxneM npaBOM yrjiy pncyHKa. 
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